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ABSTRACT
Fabrication and Applications of Slab Coupled Optical Sensors
Using Polarization Maintaining and
Absorption Reduction Fiber
Rex LaVell King
Department of Electrical and Computer Engineering, BYU
Master of Science
This research presents the first use of side-polished Panda fiber in the fabrication of slabcoupled optical sensors (SCOS). It is determined that the Panda SCOS provides a sensor that is
comparable to the D-fiber SCOS in cases of electric field sensing. It exhibits greater power
transfer and higher bandwidth than a typical D-SCOS. The Panda SCOS is also less costly and
easier to splice than the D-fiber alternative. This comes at a cost of slightly decreased sensitivity
and a more fragile fabrication process. This research also demonstrates the use of the PandaSCOS as means of voltage characterization across both the spark gap of an ignition coil circuit
along with the spark gap of an automobile. This paper demonstrates the use of a Panda SCOS to
measure the voltages and time delays across the spark gaps at different stages of a Marx
generator setup .
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1

INTRODUCTION

Many high-voltage applications exist in defense and nuclear research programs. Highvoltage sensing applications require a sensor capable of determining voltages in compact
environments with minimal electromagnetic interference. Applications that require such sensors
can be found in (1) shielding of sensitive electronics from high powered microwave (HPM) and
electromagnetic pulse (EMP) attacks, (2) characterizing the voltages across spark gaps,
characterizing Marx generator output voltages, (3) various other applications that measure short
duration high electric fields such as railguns and ion traps.
HPM and EMP weapons emit short, high-powered, high-frequency pulses that couple
with conductive lines in electronics, inducing large currents that destroy the electronics. The weapons have the ability to quickly disable all electronics in an area removing an area of all
modern machinery and electronics [1][2][3][4]. To safeguard electronic systems from these
attacks, the electronic device is shielded by encasing it within a metal box or mesh to block the
external field [5]. The efficacy of the shielding is determined by characterizing the electric fields
near the electronics without altering the target field or affecting the electronics and shielding. To
meet these requirements, the sensor must be non-perturbing, small in sensing area for high
spatial localization of fields, and directionally sensitive to measure the full three-axis field
direction and amplitude [6].
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The effectiveness of an ignition coil and other plasma discharge systems is in part
determined by the duration and voltage of a plasma discharge known as an arc. Electric
discharges typically occur on the order of several microseconds and characterization of such arcs
require a sensor that can capture high speed measurements. It is also important that sensors do
not perturb the electric field and are highly portable for the reasons stated in the previous
paragraph. Section 1.1 details sensors that are used to measure high voltages and electric fields
including the slab-coupled optical sensor (SCOS) which is capable of non-intrusive, high speed
measurements.

Sensor Selection
A common method used to take high voltage measurements is with a voltage divider probe [7].
Figure 1-1 shows a voltage divider schematic used to measure high voltages (left) and voltage divider
probe used in taking high voltage measurements. In this example, a resistor divider network is used to
scale down a high voltage to a small value that can be measured by a voltmeter. Capacitive dividers can
also be used for larger voltage measurements to eliminate heat loss in resistors at high voltages.

Figure 1-1. A voltage divider circuit (left) and a resistor divider probe used in high voltage
measurements (right).
This method is useful because it can be used to directly measure voltage. However, it requires
modification of the voltage generator circuitry by altering the circuit impedance. Consequently, the RC
2

time constant is affected and the discharge measurement can be perturbed. Another disadvantage to this
method is that the voltage probe is also much too large to be placed within complex circuitry.
Electric field sensors are an alternative method for taking voltage measurements. Electric field is
�����⃑• ����⃑
related to voltage by the formula 𝑑𝑑𝑑𝑑 = −𝐸𝐸
𝑑𝑑𝑑𝑑, where dV is a differential voltage change, 𝐸𝐸�⃑ is the

����⃑ is the direction of voltage change. Because of this relationship, voltage can be
electric field, and 𝑑𝑑𝑑𝑑

derived from a known electric field. In many cases voltage measurements are taken between a parallel
plate electrode structure. The voltage between the electrodes is the product of the electric field and the

distance between the electrodes. Other cases have an electric field across a structure more complicated
than the parallel plate setup. In these cases, the calculation of voltage cannot be completed using a simple
calculation. However, it can be determined by using the sensor to measure an electric field using a known
voltage source to determine a calibration factor between voltage and electric field. This calibration factor
can then be used to calculate unknown voltages.
One state-of-the-art sensor that is highly sensitive to electric fields is the D-dot sensor, shown in
Figure 1-2. The D-Dot sensor measures the time average of the electric field, which in turn can be related
to the voltage [8][9]. However, the D-dot sensor typically has dimensions around 40 x 6 x 2 cm and is too
large to place inside many electronic devices. It is also composed of metal which can interfere with the
electric field and disrupt the measurements [8].

Figure 1-2. A D-dot electric field sensor.

3

Slab-coupled optical sensor (SCOS) non-perturbing technology is an alternative that can be used
to detect field strength within a shielded structure to determine where improvements need to be made
[10]. The SCOS comes from a group of sensors that utilizes evanescent coupling between the core of a
fiber and a waveguide for sensing purposes [11][12][13].
SCOS are non-metallic sensors used for measuring electric fields. They demonstrate
characteristics which grant them several advantages over traditional field sensing methods. First, they are
composed of optical fibers and a crystal and packaged using plastic and low-index epoxy. Each of these
materials is a dielectric which is minimally perturbing to the electric field, especially in relation to a metal
sensor. [14][15][16]. Second, SCOS are small enough to fit into complex circuitry so they can be used to
take measurements in difficult to reach locations. The crystal is 1 mm along the direction of the fiber and
0.3 mm perpendicular to the fiber. The small size of the SCOS can be seen in relation to a penny in Figure
1-3. For safe handling, the SCOS is usually packaged in a small plastic trough, but it is still small enough
to fit in most locations. The portability and non-perturbing nature of the SCOS make it an effective
electric field sensor in applications such as testing for defense against EMP and high HPM weaponry [1]
[2] [3] [17].

Figure 1-3. The small size of a SCOS makes it extremely portable. This picture shows a SCOS next
to penny for size comparison.
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The small size does limit the overall sensitivity of the SCOS. They are not as sensitive as D-dot
sensors and measure fields on the order of ~100 V/m [10]. Most of the measurements used in this
research involved fields large enough to exceed the dielectric strength of air, so the minimized sensitivity
did not affect the research.
SCOS have been fabricated using D-fiber because the crystal can be placed close enough to the
core of the fiber that power transfer can occur between the fiber and the crystal and for its polarization
maintaining (PM) characteristics. However, the elliptical core of the D-fiber is incompatible with typical
lab equipment and other fibers, resulting in substantial loss at link points. In addition to the connection
loss, D-fiber is difficult to obtain as it must be specially fabricated. Polarization-maintaining and
absorption-reducing (Panda) fiber is another type of PM fiber that exhibits less loss than D-fibers at link
points due to its core size and shape. In addition to demonstrating less loss, the Panda fiber is commonly
produced fiber which is easier to obtain and less expensive than D-fiber. My thesis presents the first use of
Panda fiber to fabricate a SCOS that achieves comparable results to a D-fiber SCOS and the integration
of the Panda fiber into research as an alternative method in electric field sensing along with the use of
Panda SCOS in electric field and high voltage measurements. This testing includes measuring the voltage
cycle of an ignition coil system along with measuring Marx generator voltages.

Contributions
The following lists the contributions, both large and small, that I have made in
researching electric field sensors at BYU. Major accomplishments include research directly to
my thesis including papers that I was the first author on, along with research presented in
conferences as oral presentations and poster presentations. Minor accomplishments include the
other research I was involved with.
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Major Contributions
o Pioneered the use of Panda fibers in SCOS fabrication [18].
o Measured ignition coil circuit voltage using PANDA SCOS.
o Measured the voltage in a car ignition coil using a PANDA-SCOS.
o Measured arc dynamics using a D-SCOS [19].
o Developed a method of creating a transformer oil resistant SCOS [Section 4.3]
o Measured high voltage pulses using a coaxial SCOS system at Redstone Arsenal.
o Measured high voltage pulses on a Marx generator system at White Sands Missile Range.
Minor Contributions
o Contributed to making and testing the push-pull SCOS [20].
o Tested voltages in a Marx generator set-up.
o Helped design and extensively test a GUI application used for SCOS interrogation
[Appendix C]
o Assisted in packaging techniques of Coaxial cable SCOS and using them for high voltage
measurements.
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2

BACKGROUND

Slab Coupled Optical Fiber Sensor (SCOS)
Figure 2-1 shows that a SCOS consists of a slab waveguide in close proximity to the core
of an optical fiber. Resonant transfer of optical power between the two waveguides takes place
when the waveguides are in close proximity and the mode indices are matched. Since the slab
waveguide has many modes and the fiber contains only one mode, the mode indices only match
for specific wavelengths as given by [21][22][23]

λm =

(2-1)

2t
no2 − N 2f ,
m

where t is the thickness of the slab waveguide, no is the refractive index of the slab waveguide, Nf
is the effective index of the fiber mode, and m is the slab waveguide mode number.

Figure 2-1. A lithium niobate slab on a D-fiber.
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Figure 2-2 shows the transmission spectrum of a SCOS. The wavelengths with minimum
power transmission, given by λm in Equation (2-1, are the wavelengths in which the light is
coupled from the optical fiber into the slab waveguide and then lost out of the edge of the slab
waveguide.

Figure 2-2. Optical spectrum of a SCOS.
The SCOS can be used as an electric field sensor by using an electro-optic crystal as the
slab waveguide. Researchers have fabricated SCOS using electro-optic materials including
lithium niobate, lithium tantalite, and potassium titanyl phosphate [24]. Electro-optic materials
are used because they exhibit a change in refractive index when exposed to an electric field. This
change in index of refraction is given by [25][26][27]
no = n +

(2-2)

1 3
n r33 E z ,
2

where n is the initial refractive index, r33 is the linear electro-optic coefficient and Ez is the
electric field in the optic axis direction. When the index of refraction of the slab waveguide
8

changes, there is a shift in the transmission spectrum ∆λ . This shift in spectrum is on the order of
E

10 −5

pm
and can be measured using an edge detection method [28].
V m
The shift in the spectrum is measured by transmitting a laser through the SCOS with a

wavelength that lies on the resonance edge. The transmitted power changes when there is a shift
in the resonance. The power transmitted through the SCOS after a resonance shift occurs is given
by [24]
(2-3)

 ∆P  ∆λ 
Ptrans = Po +    E (t ) ,
 ∆λ  E 
in which

Po

 ∆P 
 is
 ∆λ 

is the power transmitted though the SCOS with no applied electric field and 

the slope of the resonance. Figure 2-3 denotes the change in power by holding the wavelength
constant and causing a shift in the entire spectrum. Because the transmitted power changes
because of the changing spectrum, there is a conversion factor between power and spectral shift.
Electric field can be determined based on the output power of the SCOS.
The electric field can be measured by converting the optical signal into a voltage signal
measured by an oscilloscope. The formula for voltage read by the oscilloscope is given by [24]
(2-4)


 ∆P  ∆λ  
V s =  Po + 

 E G ,
 ∆λ  E  

where G is the combined gain and responsivity of the photodetector and trans impedance

amplifier in V/W. It is much simpler to use a calibration factor to determine the electric field
than to calculate each of these values individually. A known voltage V, typically on the order of
several thousand volts, is applied across the SCOS via a parallel plate electrode structure with
separation distance d. This results in an electric field E = V/d. The conversion factor between

9

the measured voltage

Vs

and the applied electric field can then be readily determined and used to

calculate other unknown fields.

Figure 2-3. Electric field induced shift in power.
The slab waveguide supports TE and TM modes. Therefore, the wavelengths that couple
between the optical fiber and the slab waveguide depend on the polarization of the light in the
optical fiber. If the polarization in the optical fiber fluctuates than measurements will be
distorted by random shifts in the transmission spectrum of the SCOS. To maintain a specific
polarization, the optical fiber must to be PM.
Previous research has optimized the sensitivity of SCOS by careful selection of the crystal used in
SCOS fabrication along with the orientation of the SCOS in relation to the polarization of the laser [24].
SCOS display a large degree of directional sensitivity meaning that the direction of the applied electric
field greatly affects the sensitivity of the SCOS. The directional sensitivity of SCOS is determined by first
analyzing the change in the principal refractive indices of the EO slab due to applied electric fields in the
𝑥𝑥, 𝑦𝑦, and 𝑧𝑧 directions of the crystal axes and then applying the polarization and slab geometry effects.
10

An electric field applied in an arbitrary direction causes a change in the refractive index
as shown by the equation
 1 
∆ 2  =
 n i

∑r
j

ij

Ej

(2- 5)

,

or in matrix form as
  1
 ∆ n 2  
  1 
 ∆ 1  
  n 2    r11 r12
2
 r r

1


 ∆    21 22
  n 2 3  r31 r32
  1   = r r
∆ 2    41 42
  n 4  r51 r52
  1  
 ∆ 2   r61 r62
  n 5 
  1 
 ∆ n 2  
  6 

r13 
r23 
 Ex 
r33   
 Ey ,
r43   
 Ez 
r53   

r63 

where the r-terms are the linear electro optic coefficients, which are defined by the electro-optic
tensor of the material (the electric field in j direction affects the index in i direction), and E is an
applied electric field parallel to the crystal axes in the x, y, and z-directions. They give the rate at

1
which the coefficients  2  change with increasing field strength.
 n i
The electro-optic tensor matrix for trigonal lithium niobate is
 0
 0

(rij ) =  00

 r51

− r22

− r22
r22
0
r51
0
0

r13 
r13 
r33 
,
0
0

0 
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where

r22 = − r12 = − r61 , r51 = r42 ,

r33 = 31 pm / V , r13 = 8.6 pm / V

and

, and

r13 = r23 .

In the lithium niobate tensor, r22 = 3.4 pm / V ,

r51 = 28 pm / V

. Because

r33

has the largest magnitude of the

linear electro-optic coefficients in 3M crystals with trigonal symmetry such as lithium niobate
and lithium tantalate, the transverse mode (TE) is the most sensitive. Therefore, we typically
choose

r33

no = n +

as opposed to r13 , in the electro-optic effect change in index equation,

1 3
n r33 E z . Figure 2-4 shows the orientation of the crystal waveguides in relation to the
2

applied electric field. The left shows a TM SCOS with the sensing direction normal to the flat
surface of the fiber and optic axis parallel to direction of field. The right image shows a TE
SCOS with the sensing direction parallel to the surface of the fiber. To maximize sensitivity, we
choose to fabricate the transverse SCOS over the normal SCOS, which has been determined to
be the most sensitive orientation method for SCOS when using trigonal 3M crystals because the
r33 coefficient

has the largest magnitude of all the electro optic coefficients in the tensor. There is

also more electric field penetration in a TE SCOS. The transverse slab configuration exhibits
significantly higher field strength within the slab compared to the normal slab. Since the larger
dimension of the transverse slab is oriented along the electric field, it exploits more of a
tangential boundary condition allowing the electric field to penetrate further into the slab. The
optimal design involves using an x-cut slab with sensing direction transverse to the flat surface
of the fiber.
D fiber and Panda fiber have both been used in SCOS fabrication. Finding maximum
sensitivity has been researched in depth for the D-SCOS [24][27] but further testing still needs to
be done with Panda fiber.
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Figure 2-4. TM (left) and TE (right) slab orientations.
We have fabricated two forms of Panda SCOS thus far in attempts to decide which is the
most sensitive. More extensive testing has been done on the TE SCOS, although the TM SCOS
are not without merit. They will both be discussed in the Panda fabrication section 3.2.2.

High Voltage Systems
Air consists of 78% N2, 21% O2, and trace amounts of other compounds. The atomic
models of N2 and O2, shown in Figure 2-5, O2 do not contain any free valence electrons.

Figure 2-5. N2 (a) and O2 (b) composition .
This causes air to act as an insulator because air molecules do not have any free ions to
provide for current flow. However, if air receives enough energy from an outside source, the
valence electrons are stripped from the molecules in a process known as ionization and flow
between molecules. The point at which ionization occurs is known as the electrical breakdown of
air. Once breakdown has been reached, a visible plasma discharge called an electric arc is
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formed which acts as a conduit through which current can easily travel. Figure 2-6 shows the
current flow that results from the free electrons traveling between air molecules across the
potential. Electric arcs occur when the charge between two electrodes surpasses the dielectric
strength of air, around 3 MV/m [29].

Figure 2-6. Current flow in ionized air. Electrons are stripped from the outer shells when a
sufficiently high voltage is applied. The free electron flow between air molecules creates a current.
Losses occur because of two types of breakdown. The first is arcing between wires as
shown in Figure 2-7. This occurs because of wires used in the setup being placed close to each
other without insulation. The arcing creates a short between the wires and eliminates voltage as a
result. This arcing can be prevented by placing a high-dielectric strength-sheet between the
electrodes.

Figure 2-7. Arcing occurs between wires as a result of high electric fields and lack of insulation.
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The second type of loss that needs to be prevented is corona discharge, which occurs
because of localized breakdown around an electrode. The air breaks down around an electrically
charged electrode near a high potential gradient. Molecules get ionized forming positive and
negative movable charges. Charges build up forming their own internal field, as shown in Figure
2-8. Corona occurs when the field is strong enough to cause localized and partially ionize the
surrounding air (or other fluid). However, it not strong enough to form a conductive region
between two objects as is the case in arcing. The corona takes form as a bluish glow in the near
vicinity of a conductor.

Figure 2-8. Corona discharge.
Corona results in additional power loss and can be solved by eliminating air and
submerging the sensor in a high-dielectric-strength fluid as shown in Figure 2-9. Sharp potential
gradients such as corners are eliminated by using spherical electrodes or other electrodes in which
the sharp edges have been polished into smooth ones.
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Figure 2-9. Corona discharge can be eliminated by transformer oil submersion.
With these sources of loss considered, the SCOS can be used to take accurate high
voltage measurements.
The electrode structure of the system is another aspect of high-voltage measurement
which must be considered when taking field and voltage measurements. There is considerable
variance in the electric field of a system for different electrode structures. Several electrode
structures were used in taking the high voltage measurements in the SCOS project. Figure 2-10
shows a parallel plate electrode structure schematic which was used for the Marx generator high
voltage measurements for the Marx generator fabricated in our lab. The voltage in this case is the
product of the electric field and the distance between the plates. Figure 2-10 shows another
structure used in high voltage measurements that is simulated using a circular cathode and a
planar ground plate, which was like the electrode structure of a Marx generator structure used in
White Sands Missile Range.
16

Figure 2-10. A parallel plate electrode structure (left) and an electrode structure with a circular
cathode and planar ground plate (right).
When the circular electrode structure or any other complex structure is used, the voltage
can be calculated by applying a known voltage to the cathode of the system. A measurement of
the voltage can be captured using an oscilloscope. This measurement will provide a calibration
factor providing a relationship between the known voltage and the measured voltage. The
calibration factor can in turn be used to provide an accurate measurement of the voltage. Chapter
4 of this text gives more details on the electrode structures used in these test and how electric
field to voltage conversion was performed.

17

3

PANDA SCOS

A major concern during SCOS fabrication was the limited supply of D-fiber available for
producing SCOS. D-fiber is primarily used for internal purposes by KVH industries, the
company that fabricates it. Although it works well for non-intrusive field measurements, the
scarcity and price of the fiber caused the need to develop a SCOS using a more accessible type of
fiber. This is the reason research began on a new method of SCOS fabrication utilizing the more
accessible PANDA fiber.
Side polished fibers have been used previously as E-field sensors. One such sensor is more
sensitive than a SCOS and comparably non-intrusive [13]. It is composed of a ring-shaped electro optic
(EO) polymer placed on the polished side of a fiber. It is small, sensitive, and non-perturbing. However,
the polymer waveguide is grown in a complex process detailed in [13]. The Panda SCOS presented in
this paper is not as sensitive as the micro-ring EO polymer sensor as it can measure minimum fields on
the order of 100 V/m when the EO polymer SCOS can measure fields on the order of 100 mV/m. The
advantage of the Panda SCOS comes from the relative ease of the fabrication process. The Panda SCOS
is much simpler to fabricate as fabrication consists of coupling an inorganic crystal waveguide to an
optical fiber. It does not require specialized alignment techniques that are used to fabricate the micro-ring
EO sensor and it is composed out of commercially available materials such as polarization maintaining
optical fiber and crystal waveguides. Because the SCOS are capable of accurately detecting fields on the
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order of 100 V/m, the Panda SCOS is an alternative to the other side-polished fiber E-field sensors for
applications that do not require detecting minimum fields in the mV/m range.

Advantages of PANDA fiber
Figure 3-1 shows that D-fiber, which has been previously used in SCOS fabrication, has a
D-shaped cladding and an elliptical core. The D-shaped cladding enables the core to be close to
the surface without ruining the structural integrity of the optical fiber. The elliptical core causes
it to be PM.

3.1.1

Accessibility
Despite the benefits associated with using D-fiber there are still drawbacks associated with it. It is

produced by KVH Industries which uses D-fiber to make optical fiber gyroscopes. The D-fiber is not
commercially available as KVH industries uses it for their own internal production needs. Thus, D-fiber
is difficult to obtain.

3.1.2

Shape and Power Advantages
Most optical fiber systems are constructed with single mode optical fiber that has a

circular core with a diameter of approximately 10 µm. The ubiquitous use of circular core
optical fibers results in Panda fiber being the most common type of PM optical fiber because it
has a circular core. Figure 3-1 shows that a D-fiber has an elliptical core with dimensions of 2
µm x 4 µm. The small elliptical core results in more loss at interfaces with lasers, detectors, and
optical fiber components like isolators, splitter, long routing optical fibers, etc. Another
disadvantage of D-fiber is that low-loss fusion splicing is difficult because the core is not in the
center of the cladding [30].
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Figure 3-1. Cross-sectional view of a D-fiber.
This paper reports the first use of a Panda fiber to create a SCOS to measure electric
fields. Two stress rods run through the fiber making it PM. Figure 3-2 shows the cross-sectional
view of a Panda fiber taken with a Scanning Electron Microscope (SEM). Previous studies have
shown that difficulties in low-loss splicing of D-fibers occur because of mode mismatches
between the elliptically shaped fiber core and deformation in the D-fiber cladding during the
splicing process [30]. The fiber has a circular core that makes it easier to splice to other fibers
with circular cores such as SMF-28, MMF, and other Panda fibers. In addition, the Panda fiber
core has the same core diameter as other fibers which results in less loss. The larger circles are
the stress rods.

Figure 3-2. Cross-sectional view of a Panda fiber.
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In its factory form, Panda fiber cannot be used to create a SCOS because a crystal adhered to the
fiber would be too far away from the core. Phoenix Photonics (Kent, England) is a company that
fabricates side polished Panda fiber. The side polished Panda fiber has a section in the middle of a 1-2
centimeter length that is polished such that a flat surface is polished to be within 1-2 micrometers from the
core.
Figure 3-3 shows a cross-sectional SEM image of the polished section. The fast axis is
polished on the fiber, removing one stress rod completely. The distance between the flat surface
of the polished section and the core is reduced slightly by etching the polished section in a 25%
hydrofluoric (HF) acid bath between 0 and 15 seconds in order allow access to the evanescent
field.

Figure 3-3. Cross-sectional view of an over-etched side polished Panda fiber.
Then the lithium niobate crystal is attached to the polished section of the panda fiber. To
do this, a small amount of UV cure epoxy is placed on the polished region of the fiber. Next the
crystal is placed on the flat side of the fiber using tweezers. The crystal stays in place as long as
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the flat side faces up. Figure 3-4 shows a crystal that has been adhered to a side-polished Panda
fiber.
The crystal is slid along the fiber to find a position that produces the largest dips in the
transmitted power. If these resonance dips are not detected the fiber is etched for several more
seconds. A fusion splicer can be used at any point during this process to splice the side polished
Panda fiber ends to a Panda fiber pigtail and isolators. Once the resonance notches are detected,
the crystal is adhered to the fiber by curing the epoxy.

Figure 3-4. Lithium niobate crystal on a Panda fiber.

3.1.3

Safety Advantages
One major benefit from using Panda fiber in place of D-fiber stems from the safety

hazards associated with fabricating D-fiber sensors [31]. HF is a hazardous material to work
with. It is highly corrosive and is a contact poison. It can be absorbed through the skin and tissue
or inhaled. Ultimately, it can react with blood calcium and cause cardiac arrest in a victim.
The process of making D-SCOS is highly dependent on using HF as a fiber etchant.
Etching is used to expose the core of the fiber as well as during the connectorizing process [10].
Preventative safety measures such as a fume hood, gloves, goggles, and aprons are used during
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the etching process. Nevertheless, there is still a high risk associated HF etching in the event of
an acid spill.
Panda SCOS fabrication all but eliminates the need for HF etching. Whereas the D fiber
requires a 30 minute etch for evanescent coupling (and a possibility for subsequent etches), the
Panda fiber generally requires several seconds of HF etching, or none at all, to properly expose
the core for evanescent coupling. Two additional etches (and possible additional etches) must be
performed to etch the ends of the fiber enough to properly situate them in the fiber connectors.
This second etching step is completely eradicated when fabricating the Panda SCOS because it is
spliced to a fiber hence needs no etching.
Although HF injuries are rare when proper safety precautions are taken, they are still
harmful enough that the minimization of HF use is a great benefit from Panda SCOS fabrication.

3.1.4

Bandwidth Advantages
Another advantage of the Panda SCOS is that it can have a bandwidth orders of magnitude

higher than D-SCOS. Figure 3-5 shows a typical interrogation setup used in electric field
measurements. It contains a tunable laser, a SCOS, a photodetector (PD), a transimpedance
amplifier (TIA), and an oscilloscope. This section only discusses the bandwidths of each
component but the setup will be discussed in more detail in more detail in 3.4. The SCOS has a
very high bandwidth that has been measured between 0.5 Hz and 6 GHz. It is often used for high
speed measurements involving pulses with fast rise times and decays. Because of its capabilities,
the SCOS is not the bandwidth limiting component in taking measurements. The LECROY
oscilloscope has a bandwidth of 2 GHz, the photodiode has a bandwidth of 1 Gz and the TIA has
a variable bandwidth based on the gain settings. The highest bandwidth possible for the TIA is 200
Mhz. This makes the TIA the bottleneck in high speed measurements.
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The Panda SCOS demonstrates less loss in it, so it does not require the use of a TIA to get
a clear signal at the oscilloscope. The D-SCOS has enough loss at connection points that it always
requires the use of the TIA. The following results show the comparison of a Panda SCOS
interrogator setup both with and without the use of a TIA.
A typical interrogator schematic is shown in Figure 3-5. The tunable laser (TL) sends the
optical signal through the fiber into the SCOS and then into the photodiode (PD), trans-impedance
amplifier (TIA) and oscilloscope (OSC). With small optical losses in Panda-SCOS we are not
required to use high gain in the trans-impedance amplifier (TIA) stage of the interrogator. Most of
the time the minimum gain setting of 102 V/A is used because the amplifier will saturate at higher
setting.

The TIA stage has the maximum bandwidth of 200 MHz at this minimum gain setting.
With TIA being the bandwidth bottle-neck of the interrogator bandwidth, the performance of the
system was tested with the TIA removed from the system.

Figure 3-5. Interrogator schematic a) with TIA stage, and b) without TIA stage.
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Figure 3-5 also shows the simplified interrogator schematic with the TIA stage omitted.
The bandwidth of such an interrogator configuration is now limited by the photodiode (PD) and/or
oscilloscope (OSC), depending on which has a lower high-frequency corner. The photodiode in
this setup has a 1 Ghz bandwidth and the oscilloscope has 2 GHz bandwidth. The overall
bandwidth of the interrogator is limited to 1 GHz, rather than 200 MHz as was the case when the
TIA is implemented. In both cases the photodiode is directly connected to the 50 Ω DC-coupled
oscilloscope.
Figure 3-6 shows comparisons of the two interrogator configurations in terms of signal DC
levels and noise. Figure 3-6 shows that the DC levels are comparable for the same laser output
power in the cases of interrogator with and without TIA, although removing the TIA dropped the
DC level from about 290 mV to about 200 mV. Measured DC levels correspond to the laser
wavelength at the middle of the SCOS resonance edge and the laser power of 20 mW with a 40
mW maximum power. This means that if needed the gain can still be achieved by increasing the
laser output power without any loss of bandwidth.

Figure 3-6. Quality of the interrogator signal with and without TIA in terms of (left) DC offset and
(right) noise level.
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Figure 3-6 also shows the two signals with DC offset removed and zoomed-in. From this
the noise is comparable and slightly smaller in the no-TIA configuration.
This demonstrates that the interrogator bandwidth can be improved from 200 MHz to 1
GHz and slightly improve the SNR by removing TIA from the configuration and by operating the
laser at a higher output power by using a Panda SCOS and removing the TIA from the interrogator.

Fabrication Alignment

3.2.1

Birefringence in Panda Fiber
Typical single mode fiber (SMF) does not work for SCOS fabrication because it is not

polarization maintaining. Fluctuations in the core shape and anisotropic stress acting on the fiber
change make for random changes in the birefringence of the SMF and induces random
polarization states along the fiber [32]. Mode mixing can occur with these random polarization
states which result in smaller resonance dips and less sensitive sensors. Polarization maintaining
fiber is necessary to create suitable field sensors.
Unlike SMF, Panda fiber is PM and makes a great alternative to D-fiber. Panda fiber is
birefringent, meaning that two refractive indices exist within the fiber based on the polarization
of the light. The change in index changes the speed of light going through. This gives it a fast
axis and a slow axis. The optical signal travels faster along the fast axis and slower along the
slow axis. The stress rods have a higher index of refraction causing that to be a slow axis. The
placement of the stress rods results in two possible methods of polishing the fiber in making the
SCOS. One method removes a portion of the cladding to make it slow-axis polished, the other
removes a portion of the cladding to make it fast-axis polished.
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Figure 3-7. Panda fiber cross-sectional view.

3.2.2

Alignment
As discussed earlier, two methods have been tested in Panda SCOS fabrication. (These

are not the only methods and given the funding we would still like to test more). One is a TM
SCOS polished along the fast axis. The other is a TE SCOS polished along the slow axis. Given
more funding we would test out all methods of proper keying, polishing and alignment to
determine which method is best. However, this paper only discusses two methods, both of which
make sensors comparable to the D-fiber. Panda fiber polished along the slow axis (left) and fast
axis (right). Figure 3-8 shows that the two methods a Panda fiber may be polished to create a
SCOS are along the slow axis and along the fast axis.
The original Panda SCOS we fabricated were polished along the fast axis. They remain
PM even after the polish. Most connectors are aligned to the slow axis, as shown in Figure 3-9.
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Thus, the original SCOS were TM. Nevertheless, they exhibited great resonance loss (15-20 dB)
and could detect fields on the order of ~500 V/m.

Figure 3-8. Panda fiber polished along the slow axis (left) and fast axis (right).

Figure 3-9. Panda fiber with key locked for alignment along the (left) fast axis and (right) slow axis.
After testing the TM SCOS fabricated TE SCOS using a slow axis aligned key and slow
axis polished fiber. It is difficult to attain resonance dips as deep on these SCOS (9-12 dB) but
they are still sensitive due to the 𝑟𝑟33 electro-optic coefficient in the 3m crystals being 3 times as
large as the 𝑟𝑟13 coefficient. Although both make fine sensors, we still prefer to use the TE one

despite their lower resonance dips because a TM SCOS requires the use or rotated mating
sleeves and the 𝑟𝑟13 coefficient.
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Phase Noise Minimization
Changes in the detected optical power which are not caused by the applied electric field are noise
and they reduce the overall sensitivity of the sensor. Phase modulation plays a significant role in intensity
based optical sensors such as the SCOS because the SNR is much lower in these systems than in typical
amplitude modulators. A typical Mach Zehnder modulator modulates the amplitude 13 dB/150 kV/m
[33]. Comparatively, the SCOS resonances shift with a sensitivity of 100 pm/MV/m [28]. This equates to
around 1.3 dB/(MV/m). The modulation of the optical carrier in the SCOS is a small fraction of the
modulation from typical fiber optic modulators. The SCOS system is more susceptible to noise because it
has a lower SNR than typical fiber optic modulation systems so phase modulation is highly
recommended.
Vibration and temperature variations in the fiber cause interferometric noise and can change the
phase of the optical signal. This adds noise to the system resulting from phase-to-intensity noise
conversion [34][35][36][37]. In addition, phase noise is added to the system because of back reflections at
link points in the system. Figure 3-10 shows a system with multiple connection points and an increased
magnitude of interferometric noise [38][39][40]. Even when the quantity of link points is minimized,
Rayleigh scattering can cause similar phase noise conversion. These factors are converted to intensity
noise via phase-to-intensity noise conversion [41].
Phase to intensity noise become more relevant in the Panda fiber than the D-fiber due
more power passing through the core. Therefore, the Panda SCOS are more sensitive to phase
noise than their D-fiber counterparts. A method of phase modulation to reduce this noise has
been previously developed [38] to reduce phase-to-intensity noise conversion and is particularly
beneficial for Panda SCOS measurements. This method is also useful to get an accurate
comparison between D and Panda SCOS due to changing environmental factors affecting day-to-
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day measurements. Phase modulation has been reported and analyzed to reduce interferometric
noise in optical fiber communication links [38] and in fiber optic delay line signal processors
[40].

Figure 3-10. Multiple reflections at fiber link interfaces give rise to phase-to-intensity conversions
in optic systems.

The basic analysis of interferometric noise has already been derived [38]. Interferometric
noise can be attenuated by removing reflections at link points. If the time variation of the phase
noise is small than the interferometric noise is localized around DC frequency and can be filtered
to a higher frequency without removing the desired signal. This up-conversion is accomplished
by phase modulating the optical source prior to transmitting it through the sensing element.
However, for most sensing systems these conditions are not met and the interferometric noise
can be the dominant noise source.
The phase modulator converts the interferometric noise into a set of frequency bands
which are integer multiples of the modulated frequency signal. Low-pass filtering the signal
eliminates all of the interferometric noise terms except for the band centered around DC. This
term is the reduction in the interferometric noise and is called the noise reduction factor (NRF).
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The NRF depends on the time delay τ between the original signal and the dominant
double reflected signal. The simplicity of this phase modulation method for sensor systems is
that τ does not need to be known, the modulation frequency was simply varied between 2 GHz
and 3 GHz to find a suitable NRF. The best NRF for this particular fiber optic sensor setup was
found with a frequency of 2.97 GHz.
A voltage signal consisting of a periodic set of exponential pulses with a maximum
voltage of 50 V and frequency of 60 Hz is applied across the SCOS. Figure 3-11 shows the
SCOS measurements of a 6.25 kV/m field (top) without phase modulation and (bottom) with
phase modulation. Most of the interferometric noise gets up-converted to a frequency above the
2 GHz bandwidth of the transimpedance amplifier (TIA) and is eliminated. This measurement
illustrates that the interferometric noise is highly detrimental to fiber optic sensor systems in the
fact that the noise can completely swamp out a measurement if the electric field is small.

Figure 3-11. SCOS measurement (top) before phase modulation, and (bottom) after phase
modulation.
Figure 3-12 is the Fourier transform of the measurements. These were taken using the
Fast Fourier transform (FFT) function using Matlab. The phase modulation reduces noise across
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the entire spectrum. The spikes in Figure 3-11(bottom) are the harmonics of the periodic
exponential.

Figure 3-12. Fourier transform of SCOS measurements in Figure 3-11(top) before phase
modulation, and (bottom) after phase modulation.
One of the biggest problems of interferometric noise for sensor systems is that the system
becomes sensitive to phase fluctuations anywhere along the optical fiber section between the
multiple reflection points. Shaking the optical fiber produces large phase fluctuations [42].
In Figure 3-13(top) the section of optical fiber between the SCOS and the photodetector
was shaken. This movement causes an index change in the optical fiber. These index changes
lead to phase changes that are then converted into intensity noise through multiple reflections.
Care was taken not to shake the SCOS itself to prevent strain noise from being imposed on the
SCOS [20].
Figure 3-13 (bottom) shows the SCOS measurements when the same output fiber is
subjected to vibrations while using the phase modulator with an applied 50 kV/m field. By
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comparing the peak-to-peak noise amplitudes in Figure 3-13(top) to Figure 3-13(bottom), the
SNR improves significantly.

Figure 3-13. Electric field reading with SCOS in a dynamic environment without phase
modulation(top) and with phase modulation (bottom).
Figure 3-14 shows the Fourier transform of Figure 3-13. There is a lot of noise concentrated
below 10 kHz without the phase modulator due to the manual vibrations. There is also a noise spike
around 19.3 kHz. This noise spike is laser dependent and was not reduced by phase modulation.

Figure 3-14. Fourier transform of SCOS measurements in Figure 34 with (top) before phase
modulation, and (bottom) after phase modulation.
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As can be seen from both the time and frequency domains of these tests, phase
modulation is an effective method in removing unwanted interferometric noise from the system.
Original testing of Panda SCOS showed large amounts of interferometric noise. This method of
phase modulation was used in conjunction with using optical isolators and angled physical
contact (APC) connectors to reduce back reflections and other forms of phase noise during
testing.

Sensitivity and Noise Equivalent Power
Fiber systems use both mating sleeves and splices to launch light through system
components. A splice can result in less loss than a connection point making it preferable is many
cases. A D-fiber can be spliced to a Panda fiber with a loss of 3 dB [30]. The large difference
between the Panda to Panda splice and the D to Panda splice are attributed to the smaller size of
the D fiber core. It is 2 µm x 4 µm. The Panda core is 8 µm x 8 µm. Thus, a Panda fiber exhibits
less relative error when it is spliced to another Panda fiber than when spliced to a D-fiber.
The Panda fiber also exhibits much less connection loss than the D-fiber. Most
equipment is designed to interface with circular core fiber. The small core of the D-fiber makes it
difficult to couple light into. Thus, more loss occurs because of connection loss between
equipment and the fiber. Typical loss for a D-fiber was measured between 3 dB and 1.1 dB per
connection. Panda fiber is designed to interface with lab equipment. Thus, the Panda fiber
connection test resulted in a small loss of 0.2 dB per connection.
Figure 3-15 shows the transmitted power spectrum of a Panda-SCOS and a D-fiberSCOS. A noticeable difference seen in these spectra is that the Panda fiber exhibits considerably
less power loss across the entire spectrum. Most of the difference in loss is attributed to the
splice and connector losses. The maximum power of the D-SCOS around 1550 nm is -30 dB.
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The maximum power of the D-SCOS is -38 dB. Both of these spectra exhibit the typical power
loss of Panda and D-SCOS.

Figure 3-15. Comparison between spectra of D (solid) and Panda (dashed) SCOS.
Figure 3-16 shows that the SCOS interrogation system consists of transmitting a tunable laser
through an isolator and into the SCOS. After traveling through the SCOS the optical signal is converted
to a voltage via the photodetector (PD) and a variable gain transimpedance amplifier (TIA). The
oscilloscope reads the voltage. A function generator in combination with a high voltage amplifier applies
a voltage to an electrode structure resulting in an electric field across the SCOS.

Figure 3-16. SCOS interrogation setup.
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The Panda-SCOS can be fusion spliced to an isolator at the input with minimal loss and
an APC connector at the output. These two components significantly reduce back scattering and
reduce noise. Splice loss is minimal at these junctions because both the isolator and APC are
made using Panda fiber.
The D-SCOS was not spliced to these elements because of the difficulty and loss
associated with fusion splicing D-fiber to Panda-fiber. Instead the isolator is connected to the
input of the D SCOS using mating sleeves.
The calibration factors of the D-SCOS and the Panda-SCOS were compared to determine
senstivity of each SCOS. The calibration factor was measured by applying an electric field with
amplitude of 25 kV/m to the SCOS. In the measurements the TIA gain was adjusted to produce
the largest voltage without saturating the TIA. For the D-SCOS the TIA gain was 10,000 V/A
and for the Panda-SCOS the gain was 1000 V/A.
Figure 3-17 shows the measured voltages for both the D-SCOS and the Panda-SCOS.
The relationship between the measured voltage and the electric field is determined by dividing
the 25 kV/m electric field by the measured voltage amplitude. The resulting relationship for the
D-SCOS was measured to be
Em = 21.01

(4-1)

kV / m
VD ,
mV

and for the Panda-SCOS it was measured to be
Em = 15.64

(4-2)

kV / m
VP ,
mV

where VD is the D-fiber SCOS voltage, VP is the Panda SCOS voltage, and Em is the electric field.
The calibration factor for the Panda-SCOS is slightly smaller than the D-SCOS, indicating a slightly more
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sensitive SCOS. However, most of the difference caused by the increased loss of the D-fiber SCOS is
ellimnated by increasing the gain of the TIA.
Most of the difference caused by the increased loss of the D-fiber SCOS is eliminated by
increasing the gain of the TIA. The TIA has a fixed gain-bandwidth product. Therefore, increasing the
gain of the TIA by a factor of 10 decreases the frequency response by a factor of 10. In some cases the
improved insertion of the PANDA fiber SCOS allows the TIA to be eliminated resulting in a
simplification of the system.

Figure 3-17. Time domain measurement of D-SCOS (dashed) and Panda-SCOS (solid) at 25 kV/m
to determine sensitivity.
The next test consists of comparing the Panda-SCOS and D-SCOS at like fields. It is
easiest to see this in frequency domain, so an oscilloscope with a fast Fourier transform (FFT)
function was used to observe the signal in the frequency domain.
Figure 3-18 shows a comparison of the SCOS sensitivities. A 2.5 kV/m field was used
because the signal of each sensor was still clearly visible at these points. The electric field signal
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is represented by a spike at 10 kHz. At 2.5 kV/m the Panda SCOS was clearly more sensitive.
The measured output on the oscilloscope for the Panda-SCOS was 150 μV. The D-SCOS, on the
other hand, read 108 μV.

Figure 3-18. D (solid) and Panda (dashed) SCOS comparison at 2.5 kV/m.
In addition to producing a different signal strength, these two SCOS configurations
produce a different amount of noise. The signal and noise characteristics can be attained by
measuring the minimum detectable signal amplitude. In this work the minimum detectable
electric field is defined as the electric field that produces a signal-to-noise ratio equal to 1.
A voltage was applied to the electrodes surrounding the Panda SCOS to produce an
electric field with frequency of 10 kHz and amplitude of 313 V/m. Figure 3-19 shows the
frequency measurement that was attained by taking the FFT of the signal. Each data point
between 5 kHz and 15 kHz was squared and summed together to get an estimate of the signal
plus noise power over a 10 kHz bandwidth.
The same process was used to attain the noise power except that the points around 10
kHz were averaged out. The signal plus noise power was double the noise power resulting in a
signal-to-noise ratio of SNR=1. In order to attain a frequency independent metric the minimum
detectable signal was divided by the square root of the frequency band to produce the noise
equivalent power of NEP=3.13 (V/m)/Hz1/2.
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A similar process was followed to attain the minimum detectable field and NEP for the
D-fiber SCOS. Figure 3-20 shows the frequency response of the signal with an electric field
amplitude of 125 V/m applied to the D-fiber SCOS. The resulting NEP of the D-fiber SCOS was
measured to be 1.25 (V/m)/Hz1/2. These voltages are located where the SNR is equal to 1 and
were determined to be the minimum detectable fields.
Although the Panda SCOS used in this experiment did not detect fields as low as those
detected by the D SCOS, it should be noted that it is still comparable to the D-fiber.

Figure 3-19. Electric field frequency domain used to determine minimum electric field of a PandaSCOS. A signal of 10 kHz (dashed line) was averaged out to obtain the NEP.

Figure 3-20. Electric field frequency domain used to determine minimum electric field of a DSCOS. A signal of 10 kHz (dashed line) was averaged out to obtain the NEP.
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Panda SCOS Summary
The results of this experiment demonstrate that a side polished Panda fiber can be used to make
an electro-optic sensor. The Panda fiber provides several advantages over traditional D-fiber. It interfaces
easier with lab equipment and exhibits less coupling loss due to the circular core. This results in 1 to 3 dB
more power going through each Panda fiber per junction than a D-fiber. Panda fiber is also readily
available to purchase and easier to splice than D-fiber. The automatic nature of the Panda to Panda splices
provide a great deal more accuracy than the manual method used to splice D-fibers. This results in as
much as 3 dB less loss per splice in a Panda fiber than a D-fiber. This increase in power allows for a
higher measurement bandwidth for the Panda SCOS. The SCOS produced by the current Panda
fabrication techniques are comparable to sensors fabricated using D-fiber.
D-SCOS fabrication requires several wet etches of the fiber using HF to properly fabricate a
SCOS. Typically, it requires 3-5 etches. HF is a corrosive acid and can be dangerous to those involved
with SCOS fabrication. The Panda SCOS fabrication process utilizes the use of only one HF etch. This
reduction in HF usage makes the process safer for the people involved with fabrication.
The Panda SCOS shows more sensitivity to a certain degree as evidenced by larger output
voltages at the signal frequency. However, a Panda SCOS has not yet been fabricated that can match the
minimum field detected by the best D-SCOS. Panda SCOS technology also serves as an alternative
sensing technology to other side-polished fiber sensors due to the relative ease of fabrication in
comparison to other sensors.
The Panda SCOS is still in its infancy and further testing still needs to be done to improve its
capabilities as a sensor. For example, fibers could all be polished to have an extinction ratio greater than
70 dB to ensure that the optical power between the optical fiber and slab waveguide always couples
without the need for etching. Varying extinction ratios could also be tested to determine which ratio
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produces the greatest sensitivity. Additionally, more testing should be completed comparing slow-axis
polished fiber and fast-axis polished fiber to determine which orientation is more sensitive. Based on the
initial results and further field testing, it serves as a comparable field sensor to a D-fiber SCOS. Further
adjustments should be made to the fabrication process to improve its capabilities in detecting low fields.
It is easier to work with and fabricate as it experiences less splicing loss and connector loss in addition to
being a simpler sensor to fabricate.
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4

HIGH VOLTAGE TESTING

The Panda SCOS was put in place for testing several high-voltage systems This testing
included testing voltage across a spark plug in an ignition coil circuit and on an actual
automotive system. It was also used to test the voltage on a desktop Marx generator fabricated in
the lab. Finally, it was used to measure the voltage on a high-end Marx generator capable of ~1.2
MV/ have used them for high field pulse measurements. The following section details high field
and high voltage measurements I was involved with that utilized the Panda SCOS I developed.

Ignition Coil Testing
Plasma discharge systems are used to power internal combustion engines (ICEs). ICEs operate on
the principle of combustion in which a chemical reaction caused by igniting a fuel-air mixture powers a
car by creating a mechanical force. This process results in the emission of exhaust gases, many of which
are harmful to the environment [43]. The ubiquitous use of ICEs in the automotive industry makes it
desirable to construct fuel efficient engines which minimize harmful emissions. The performance of a
spark plug can be characterized which can allow for more efficient design of spark plugs.
Considerable research has been done on designing new spark plugs [43][44][45][46]. New spark
plug designs are still being developed [47]. This research is conducted to improve different aspects of the
combustion process, including improving electrode performance [48] and improving the fuel-air
concentration [49]. One area to improve the spark plug could be to reduce the discharge time in the
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voltage. Upon ignition, the voltage goes through a discharge cycle that includes a very fast, very high
voltage discharge on the order 5-15 kV and 5 µs. This is followed by the voltage burn over which the
main portion of combustion takes place. The energy expelled on the discharge is wasted energy because it
does not contribute to the burn duration. Reducing this discharge time by reducing the RC time constant
could result in a more energy efficient system.
This paper shows a new method of high bandwidth, high voltage discharge characterization using
a non-intrusive dielectric electric field sensor SCOS that can be used both in combustion engine design as
well as a diagnostic tool for engine performance.
There are several methods currently used for spark plug measurements. Spark plug testers
indicate whether there is a spark or not and are useful in determining if the spark plug is functioning or
not. However, they provide no information other than the presence of a spark. An On-Board Diagnostics
(OBD II) scanner has been included in most cars since 1996 that provides useful diagnostic information
about many systems of the car. It is an extremely useful tool for mechanics by analyzing the system and
providing a code that corresponds to the problem detected but like the spark plug tester, it only indicates
the presence of a problem. Another method used is by measuring the voltage on an oscilloscope using a
voltage divider. This method provides more information than the scanner and the spark plug tester
because it shows a voltage vs. time graph of the spark plug, which can be used to hone in on problems
[50]. It also shows the spark burn duration, which can be used to design more efficient spark plugs [7].
The voltage divider approach provides useful information but can alter the circuit impedance and the RC
time constant, thus altering the discharge time of the voltage pulse brought about by the sparks on the
spark gap [7][51][52]. The slab-coupled optical sensor (SCOS) is an optical fiber based sensor that can be
used to measure the voltage time waveform without affecting the circuitry. Additionally, the SCOS is
composed of all-dielectric materials and can be used to measure the high voltages found on a spark plug
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without perturbing the measurement by altering the electric fields [53][54][55]. The SCOS is a sensor
capable of detecting pulses on the order of 10 ns. Because it is a capable of detecting such fast discharges,
it can be used in spark plug design to test very fast discharge times, even if the discharge time was
reduced by several orders of magnitude.

4.1.1

Ignition Coil Properties
An ICE works in the following fashion. A small voltage, typically 12 V, is applied to a

transformer with a turns ratio of several thousand to one. This induces a very high voltage on the
secondary coil. The high voltage on the secondary coil is applied across a spark gap, in this case, the
middle and ground electrode of a spark plug. A sufficiently high voltage across the gap ionizes the air
across the spark gap so that it becomes a conductor [29]. A visible plasma stream called a spark is created
between the electrodes at the base of the spark plug. Figure 4-1 shows a simplified diagram of a spark
plug with a spark occurring across an insulated middle electrode and ground electrode. The spark gap is
located at the base of the spark plug where it is inserted into the engine.

Figure 4-1. A typical spark plug. A spark occurs when a voltage high enough to cause breakdown
is applied across the middle and ground electrode.
The sparks ignite the fuel/compressed air mixture in a process called combustion which creates
mechanical work required to power the vehicle [56]. It is during the combustion stage when harmful
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toxins are released into the environment as a byproduct of the chemical reaction. Hydrocarbons in the fuel
mix with oxygen from the air and produce carbon dioxide and water when a stoichiometric ratio of 14.6
kg of air for each kg of air is met [43][57]. However, this condition is not always met, resulting in the
release of carbon monoxide, nitrogen and sulfur oxides, along with unburned hydrocarbons. More
efficient engines are being designed in an effort to minimize the amount of toxins released.
Given that the air/fuel ratio is ideal, the efficiency of the combustion is determined by the quality
of the plasma delivered by the spark plug. Therefore, an engine’s efficiency is largely determined by the
quality of the plasma delivered [7][43]. An efficient combustion engine reduces the amount of harmful
toxins released. Longer arcs and arcs that cover more surface area can create more efficient combustion
[7][43].
Thus, spark plug design is an area of active research with the main goal of increasing efficiency.
By using a SCOS to characterize the performance of the spark plug, important characteristics can be
identified. This leads to more efficient spark plug be designs which lead to more efficient engines and
reduced toxins.

4.1.2

Set-up
The circuit shown in Figure 4-2 was created to simulate the ignition coils in a combustion engine.

A 12 V supply is stepped up to a large voltage using a transformer with a large turns ratio. This
experiment used a C1047 ignition coil with a 14,500:1 turns ratio. Typical turns ratios are on the same
order of magnitude as the C1047 used here. A 100 Hz, 5 Vpp signal is applied to a MOSFET via a gate
driver used to minimize switching time. An IRF840 power MOSFET is used because it has a faster
switching speed than a normal MOSFET and can handle more current [58]. This produces and a high
current output over a short time which induces a high voltage across the transformer. The MOSFET
provides a current to the ignition coil and acts as a switch.
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When the current flows (or is changing) the voltage is stepped up on the secondary winding of
the transformer. Various diodes and bipolar junction transistors (BJT) are used to prevent the voltage
from going out of safe operating ranges. A BJT configuration at the input of the gate driver prevents the
function generator from going out of range. An intrinsic body diode across the drain and source of the
MOSFET prevents loss due to leakage current. The diode at the drain of the MOSFET is placed there as a
safety precaution for the MOSFET. It prevents the voltage from going too high at the drain by having a
lower clamping voltage than the reverse breakdown voltage of the intrinsic body diode, causing it to
break down before the body diode [59][60][61]. A Zener diode used as a transient voltage suppressor
(TVS) protects the MOSFET in the same way by limiting the gate voltage to the breakdown voltage
value of the TVS [61].
A 150 Ohm resistor is used to match the impedance of the gate driver output for maximum
power transfer. Several decoupling capacitors of different values are placed at the input of the gate driver
to give a wide range of low impedance values for the frequency spectrum and reduce noise at the gate
driver by creating a low pass filter.

Figure 4-2. High voltage generator circuit with high voltage output at spark plug. The gate driver
and MOSFET provide a high current and fast switching time inducing a high voltage on the
secondary coil of the spark plug.
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Figure 4-3 shows the setup used for testing the ignition coil circuit. Most of the components,
including the BJT configuration, gate drive, power MOSFET, decoupling capacitors, protection diode
and TVS were soldered to a printed circuit board (PCB), which is zoomed in on in Figure 4-3. The
ignition coil is placed in transformer oil because transformer oil has a high dielectric strength and prevents
any unwanted arcing from occurring on the ignition coil because of the breakdown of air at 3 MV/m [29].

Figure 4-3. Ignition coil circuit setup.

Figure 4-4. PCB containing MOSFET and gate drivers.
Figure 4-5 shows the spark plug used in the ignition coil circuit. When there is a sufficient charge
between two electrodes, a visible plasma stream known as a spark occurs across the spark gap. The arcing
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occurs on the edges of the electrodes. The electric field is highest at these points due to the high potential
gradient.

Figure 4-5. Arcing between the two electrodes on a BCP6ES spark plug appears as a purple-blue
plasma stream. The entire spark plug and the connection to the spark plug wire is shown
represented by a) and the spark is zoomed in on in b).
Figure 4-6 shows the configuration of a sensor setup. The SCOS is attached to an 8 mm spark
plug cable with the optic axis of the crystal parallel to the electric field, which is radially emitted from the
spark plug wire. The SCOS is secured to the wire using a polylactic acid (PLA) clamp that has been
printed using a 3D printer. A ground electrode is placed on the opposite side of the SCOS from spark
plug. For this experiment the spark plug used was a BCP6ES spark plug.
The 3D print was created with the Ultimaker 2 Extended and printed with PLA. The dielectric
strength of PLA has been tested to exceed 500 MV/m [62]. There will be no dielectric breakdown in the
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clamp because the dielectric strength of PLA (and other plastics) is much larger than the electric field
emitted by spark plug.

Figure 4-6. Cross sectional view of the voltage measurement setup (not to scale). An electric field is
applied across a SCOS via the inner conductor of a spark plug to a ground electrode.

Figure 4-7. Panda SCOS alignment.
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4.1.3

Field Simulations
The purpose of the SCOS is to take non-intrusive measurements that can be placed in the near

vicinity of a voltage source. A two-dimensional numerical electromagnetic simulation program called
Maxwell 2D from Ansoft (Canonsburg, PA) can be used to obtain an accurate representation of the
electric field across the electrodes structure [24][28]. It can be used to simulate potential sources of
electric breakdown of air. shows a simulation of the approximation of the electric field across a SCOS
placed on a spark plug wire. The white circle on the left represents the cross-sectional view of an ignition
coil surrounded by rubber tubing with 8 kV running through it. The white structure on the right represents
the ground electrode and the rest of the diagram represents the 3D printed clamp structure along with a
SCOS. The clamp and SCOS are placed between the spark plug and the wire. It should be noted that
Maxwell 2D does not offer options for materials used in the structure we designed but efforts were made
to make a close simulation.
Maxwell 2D does not offer an option for PLA simulation, so the clamp and SCOS are simulated
with polystyrene, another plastic used for 3D printing. PLA plastic has a permittivity measured between
2.7 and 3.1 [28] [62] [63] and a low conductivity of 4.17e-15 S/m, calculated by data from [63]. The
clamp was simulated using polystyrene was used because it has a comparable dielectric constant and
conductivity to PLA. Polystyrene was chosen because it is a plastic that has relatively similar physical
dielectric constant to PLA plastic along with very low conductivity, and because it is a plastic used for 3D
printing. Polystyrene has a dielectric constant of 2.4-2.7[64], although the Maxwell 2D simulation used
2.6. It also has a very low conductivity, simulated at 1e-16 S/m.
The intrinsic dielectric strength of homogeneous solids is generally very high and can be more
than 100 MV/m although it is subject to vary due to the irreproducible nature of dielectric breakdown
[65]. PLA plastic is one such material and has been tested to have a dielectric strength over 500 MV/m
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[62]. Polystyrene has been calculated to have a breakdown strength of 19.6 MV/m [65]. The fields in
these experiments are not expected to exceed the dielectric strengths capable of breaking down either
material so the difference in dielectric strength should not greatly affect the simulations.
The field results in Figure 4-8 show that the electric fields will not come close to causing
breakdown of the sensor or clamp because of high electric fields. The clamp does tend to alter the field
slightly but this does not affect the measurements as the voltages are calculated by calibration with a
known voltage source.

Figure 4-8. Electric Field simulation across electrode structure. The white structures represent the
electrodes. The field remains far below what is necessary for breakdown to occur.
The fields present in this approximation do not come anywhere near the level required for
breakdown, so arcing should not occur. This demonstrates that the clamp used is a safe structure and that
the SCOS can be used for safe and accurate measurements.

4.1.4

Results

A SCOS was used to determine the discharge lifetime, breakdown voltage, and burn duration of
the spark plug. These measurements can be used to design more efficient engines as well as a method to
diagnose problems with an ICE [50]. The sparks were produced in air. To record the waveforms of the
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discharge voltage and electric field, a LECROY oscilloscope was used. The voltage was determined
using a SCOS that had been calibrated against a known 6 kV power supply. For the estimation of
discharge parameters, the voltage waveforms of several consecutive discharges were usually taken into
account at the highest sample rate possible. An example measurement is shown in Figure 4-9.

Figure 4-9. Voltage waveform of several consecutive measurements.
Efforts were taken to reduce RF noise generated from the arcs by shielding electrical equipment
in an STE 4400 RF test shielded enclosure from Ramsey Electronics (Victor, NY). An example of a
generated waveform is shown in Figure 4-10. A discharge corresponding to the 100 Hz signal occurs
every 10 ms in the following process.
The transformer can step the voltage up to approximately 40 kV. However, arcing occurs when
the potential difference across the ground and middle electrode exceeds the dielectric strength of air. The
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combustion process is exothermic reaction, meaning that the energy of the reactants is greater than the
energy of the product [66]. In a combustion system, energy is lost due to radiative losses, convective and
conducive heat losses, and shock wave formations [67]. Because of these exothermic properties, it takes
more energy to create a spark than to maintain one and the spark discharges but continues to arc at a
lower voltage. The breakdown voltage in this instance is around 7 kV, well within in the expected
breakdown voltage range of a spark plug [50]. The dielectric strength of air is around 3 MV/m [29]. The
distance between the electrodes is approximately 1 mm. The field can be approximated to be 7 MV/m
based on those numbers. This is more than enough to cause a spark. It should be noted that the electrode
structure of the spark plug makes the field calculation more complicated than taking the quotient of the
voltage and distance. So this method only approximates the order of magnitude of the field. After the
discharge, the arc is maintained at a lower voltage, 500 V in this case. The time for which the arc is
maintained at this lower voltage is known as the burn duration.
Eventually the voltage is depleted below a level where it can maintain an arc. The current has
nowhere to go because both the spark plug and the transformer become open circuits. This is known as
transistor off mode. The coil acts as an open circuit because it is fully discharged. The spark plug acts as
an open circuit because conduction has ceased without an arc present. The charged particles that remain
between the electrodes cause LRC oscillations in the voltage [7]. The remaining power slowly dissipates.
Once the power has completely dissipated, the voltage level is zero. This point is known as
‘transistor on’ as the current begins to flow through the windings and the coil charges up current. Small
oscillations occur because of magnetic interference on the ignition coil. The coil charge buildup occurs
when current begins to flow in the primary circuit again. Initially the coil resists the surge of current, and a
voltage of opposite polarity is induced in the secondary winding. The magnetic field growth slows down
as the primary coil winding becomes charged, so the oscillations shrink as well.
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The final stage in the spark plug cycle is called the dwell period. In this stage, as the path
gradually becomes an open circuit as the current charges from ‘transistor on’ mode to ‘transistor off’
mode. Once the voltage has settled, the next square wave edge brought about by the function generator
occurs. At this point, there is another high voltage pulse and the cycle restarts.

Figure 4-10. Complete cycle of voltage on secondary winding of an ignition coil circuit discharged
across a spark plug.
Figure 4-11 shows a discharge that has been zoomed in on. The charge time (17 µs), breakdown
voltage (~7 kV), discharge time (~4 µs), and burn voltage (500 V) can be seen from this measurement.

Figure 4-11. Breakdown voltage and discharge of a spark plug. Charge time (a), discharge time (b)
and beginning of burn voltage duration (c).
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For comparison, these results are compared to the ignition coil waveforms found on a Toyota
user manual for oscilloscopes [68]. Figure 4-12 shows the waveform pattern of a measurement
taken on each ignition coil firing simultaneously.

Figure 4-12. Oscilloscope pattern secondary coil waveform from Toyota user manual for all spark
plugs firing simultaneously [45].

Figure 4-13 shows the waveform pattern of a single spark plug.

Figure 4-13. Waveform pattern for secondary coil voltage found in Toyota user manual [45].
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From Figure 4-12 and Figure 4-13, it is shown that the measurements taken using the SCOS
exhibit the same patterns and levels as the expected waveforms. The expected breakdown voltage is
expected to be between 5 and 15 kV and the expected burn duration is expected to be between 0.8 and 2.2
ms [68]. The SCOS results meets both these specifications.
This waveform can be analyzed to diagnose many problems in a car, including fouled spark
plugs, wide spark plug gaps, high resistance in a spark plug cable or between a distributor cap and spark
plug. These can be de determined by examining the burn line patterns and coil oscillations [50].
These results demonstrate that a SCOS has the capability to take non-intrusive voltage
measurements on an ignition coil circuit. To demonstrate the feasibility of using a SCOS to measure
voltages in a car, it was necessary to test a SCOS on one. The following section demonstrates the ability
of a SCOS to characterize the voltage of a spark plug on a 1989 Honda Accord.

Car Measurements

4.2.1

Setup

Figure 4-14 shows that calibration was achieved by using a 6 kV AC power supply to calibrate
the SCOS for accurate readings. The hot wire was connected to an electrode on the spark plug wire which
was disconnected from the distributor. The ground wire was attached to an electrode on the opposite side
of the spark plug wire, like Figure 4-6.
Once the calibration measurements were complete, the spark plug wire was reconnected to the
distributor and the spark plug as shown in Figure 4-15. Both the engine and spark plug wires overwhelm
the system with vibration noise, so a portion of the spark plug wire was attached to an insulating board
and held away from the engine. This significantly reduces the amount of vibrations on and around the

56

SCOS. More research has been done on field sensing in harsh environments but the insulating board
worked well in this case so no further steps were taken for noise reduction.

Figure 4-14. Calibration measurement setup. A 6 kV power supply is attached a to a SCOS with
the hot wire attached to the spark plug wire the ground wire attached to a ground electrode. The
SCOS is set up so that the electric field is applied across the optic axis.

Figure 4-15. Spark plug voltage measurement setup. The SCOS is attached to the spark plug via a
small clamp. They are fastened to a spark plug as well as a non-conductive board to stabilize the
measurements from vibrations.
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4.2.2

Measurements
Figure 4-16 shows the results of a cycle of spark plug measurements taken on a 1989 Honda

Accord. The measurements were taken using a LECROY Oscilloscope. The results show similar results
to those obtained using the ignition coil measurements. The breakdown voltage is around 6 kV as was the
case with the ignition coil circuit. The frequency of the pulses was about 6 Hz, much slower than the 100
Hz signal used to obtain the ignition coil circuit result.

Figure 4-16. Complete Cycle of a Honda Accord ignition coil measurement.
Figure 4-17 shows a charge and discharge of the spark plug on the wire. It is comparable to the
measurement using the ignition coil circuit shown in Figure 4-11 Both have similar charge times (~15
µs), discharge times (~5 µs) , and breakdown voltages (~6 kV).

Figure 4-17. Charge and discharge measurement.
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Figure 4-18 shows the car produces a spark burn for the same amount of time as the
measurements done in in the ignition coil circuit. The long time scale makes it difficult to see the burn
duration in Figure 4-16. Figure 4-18 shows the same discharge that has been zoomed in on for a clearer
view of the burn voltage and burn duration. The burn duration was close to 2 ms with a burn voltage near
300 V. These results were similar to those measured in the ignition coil circuit.

Figure 4-18. Spark burn voltage and burn duration.
One significant difference found between the measurements taken with the ignition coil circuit and
those with spark plug wire on the car is in the oscillations. The sparks fire on the car at approximately 6 Hz
in comparison to the 100 Hz signal in the ignition coil circuit. The differences in oscillations are expected
because of the large difference in time between discharges. Overall, the majority of the parameters remained
the same between the car measurements and the circuit measurements.
Measurements were also taken to observe the voltage across the spark plug upon starting the car.
The self-triggering function of the LECROY oscilloscope was set to take a voltage measurement used to
measure the voltage on the spark plug upon ignition. Figure 4-19 shows a measurement taken of the
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ignition voltage taken with a SCOS. It ignites with a voltage opposite in polarity but equal in magnitude
to the voltage on the consecutive sparks. In this case, the voltage ignites at nearly -8 KV and slowly
decays back to zero. Despite the negative polarity, the waveform still displays the patterns of the regular
ignition coil cycle shown in Figure 4-10 and Figure 4-16. It shows a voltage pulse every 8.5 milliseconds
averaging a frequency of about 12 Hz.

Figure 4-19. Measurement of the car on ignition.
Figure 4-20 shows a zoomed in measurement where the arcing voltage and frequency is clearly
visible. These show the arcing voltage on the spark plug right after ignition. Each one is shown to be on
the order of 1 kV. It should be noted that due to the higher time involved in these measurements (2
seconds), the sample rate on the oscilloscope was decreased which could potentially filter out the voltage
peaks.

Figure 4-20. Zoomed in measurement of the car right after ignition.
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Transformer Oil Resistant SCOS

In order to mitigate the effects of corona and to prevent unwanted arcing, testing
equipment is often placed in transformer oilwhich has a high dielectric constant and reduces
charge buildup. The SCOS is placed in vats of transformer oil. Unfortunately, transformer oil
seeps through the low index epoxy and adversely effects the lithium niobate crystal. After
several days, the SCOS is rendered useless as the resonance dips are altered completely. For this
reason, it was necessary to develop a method to properly package a SCOS to make it transformer
oil resistant. The following sections details both a fabrication method used to create a
transformer oil resistant SCOS and testing done to ensure that the SCOS prevented any
transformer oil from seeping into the SCOS.

4.3.1

Fabrication

Several different methods and materials have been tested to successfully encapsulate a
SCOS in transformer oil resistant packaging. These methods typically consisted of submerging
the sensor in some form of epoxy and allowing for it to cure. Although these methods prevented
transformer oil from seeping through the sensor, the expansion of the epoxy caused damage to
the SCOS. Other methods included using different sprays applied to the SCOS in incremental
amounts. These included Liquid Tape, Acrylic conformal coating, and non-stick dry-film
lubricant. Although these did not damage the SCOS, they did not prevent transformer oil from
damaging the fiber. This section demonstrates a successful means to prevent transformer oil
seepage by packaging the SCOS in glass tubing and selecting epoxies that do not interfere with
the SCOS operation.
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Although Oxybond does prevent transformer oil from seeping into the SCOS, it also can
deform the sensor and break the fiber. We have developed a new method of encapsulating the
SCOS using a minimal amount of Oxybond in order to create a transformer oil resistant SCOS.
The first step in converting a SCOS to a transformer oil resistant SCOS is to place
furcation tubing on one end of the SCOS. The tubing is too small to fit on most SCOS troughs,
so the trough is typically polished to a point at both ends so that they tubing can slip on easily.
The furcation tubing is placed in such a way that it can cover a small portion of the trough of a
SCOS. Inner tubing is placed through the furcation tubing and into the trough close to where the
fiber has been previously secured using 5-minute epoxy. This provides additional protection for
the fiber, especially at the link between the furcation tubing and the trough. This setup is shown
in Figure 4-21. There is a Kevlar lining in the tubing which should be pulled out to cover the link
point.

Figure 4-21. Tubing covering one end of the trough. The inner tubing extends into the trough and
the outer tubing covers the ends of the trough. A small amount of Kevlar extends on to the trough
(not visible in this picture).
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The same process is repeated on the other end of the trough using another furcation tube.
Afterwards glass tubing is slid across to the tubing so that it can completely cover the trough and
sensor with a centimeter or two extra protruding to cover the furcation tubing on either side. This
is shown in Figure 4-22.

Figure 4-22. A glass covering encapsulating the trough and tubing.
The glass tubing is then partially filled a resin called Oxybond. This resin was chosen
because it adheres to plastics and optical fibers and it did not break components when placed in
the end of the tubing. On one side of the SCOS, fill the glass with just enough Oxybond that it
covers the tubing and a small portion of the trough. Some molding clay on this side of the sensor
to prevent Oxybond from running out. The tubing is then placed vertically to prevent Oxybond
from spilling too far into the middle region and the sensor is given several hours to a day to
completely cure. This is shown in Figure 4-23.
After the first layer of Oxybond has cured, the majority of the glass tubing is filled low
index epoxy. This is the same epoxy used to secure the lithium niobate crystal and it does not
cause any loss in resonances or other damage to the sensor. After the low index epoxy has been
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mixed, it is allowed about thirty minutes to sit to allow any air bubbles to leave the solution. At
high voltages unwanted arcing can occur across air pockets and alter measurements so it is best
to minimize the number of bubbles in the sensor. This can be done by allowing the low index
epoxy to drip slowly into the tubing rather than pouring it all in at once. A funnel was used to
ensure a slow drip. This is shown in Figure 4-24.

Figure 4-23. Sensor placed vertically and filled partially with Oxybond. Molding clay prevents
epoxy from running out.

Figure 4-24. A small vial is used to fill the glass tube with low index epoxy.
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After a 24-hour low index epoxy cure, the remainder of the fiber is filled using just filled
with more Oxybond. Figure 4-25 shows the fiber immediately before filling the tubbing with
additional Oxybond.

Figure 4-25. SCOS after low index epoxy has cured.
Finally, the ends of the sensors are spliced to two Panda fibers to the ends of the SCOS
fiber and tested red light through the SCOS and tested power and light through the sensor. Figure
4-26 shows a completed transformer oil resistant SCOS.

Figure 4-26. Sensor spliced to two Panda fibers.
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Figure 4-27,which is not drawn to scale, shows the schematic of the transformer oil
resistant SCOS once it has been completed. To create a safe SCOS it is important to ensure that
the furcation tubing covers a small portion of the trough, that the low index epoxy covers the
region of the optical fiber with the sensor placed on it, and that there is enough oxybond on both
ends to prevent any transformer oil from seeping through the sensor.

Figure 4-27. The completed TO SCOS schematic.
4.3.2

Testing and Results
Upon encapsulating the SCOS it was necessary to test the sensor over an extended period

to determine its ability to withstand submersion in transformer oil. The glass tubing was
completely submerged in transformer oil as shown in Figure 4-28 to test its susceptibility to
transformer oil. The SCOS was submerged for thirty days while the maximum power and optical
spectrum were closely monitored.

Figure 4-28. SCOS submerged in transformer oil.
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After several days of monitoring the SCOS, there was no significant decrease in power or shift in
resonances. Figure 4-29 shows the spectrum after several days of submersion in comparison to the
spectrum before any submersion. There is no difference in the spectrum before and after submersion.

Figure 4-29. Power through transformer oil SCOS upon submersion in transformer oil and after
four days of submersion.
After several weeks of submersion, there was still little to no change in resonances or
power through. It was concluded this packaging method was a suitable method for creating a
transformer oil resistant SCOS and field testing was conducted to verify the proper functionality
of the SCOS.

4.3.3

High Field Testing
Several transformer oil resistant SCOS were fabricated. One of the sensors was used

measure various large electric field discharges in a pulsed discharge circuit. Results were
captured using a LECROY oscilloscope. Figure 4-30 shows the results of discharges ranging
from 3 to 7 MV/m which were increased by gradually increasing the voltage source.
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Figure 4-30. Field testing with transformer oil resistant SCOS.
There was some slight ringing which occurred on the pulse but this was due to electrical
components and was mitigated in further testing using shorter cables. These results show that the
transformer oil resistant setup can be submerged in transformer oil without effecting the high
voltage measurements. The transformer oil SCOS works and is a suitable sensor to be used in the
industrial Marx generators at Redstone Arsenal and White Sands Missile Testing Range.

Marx Generator
A Marx generator is a high voltage generator that is used supply a pulse to HPM
weaponry such as the virtual cathode oscillator (Vircator). A Marx generator acts by charging
capacitor stages in parallel and discharging them in series using a network of spark gaps shown
in Figure 4-32. This culminates in a high voltage output that leads to a microwave pulse emitted
by the vircator. This high voltage, high frequency pulse can be used to damage electronic
circuitry.

68

Figure 4-31. Marx generator configuration.

4.4.1

Set-up
The Marx generator was submerged in transformer oil to suppress corona losses and

prevent unwanted arcing. The electrodes were also submerged in transformer oil to prevent
arcing from occurring across them. The spark gaps were not submerged to ensure proper
discharges across the spark gaps. An 11 kV source was applied to the first stage of the setup.

4.4.2

Results
The following details the results from the SCOS measurements across the Marx setup. A

SCOS was placed between a parallel plate electrode structure which was electrically connected
to different stages on the setup to measure the voltage at that stage. Initial testing was done by
measuring the voltage output at each stage. Figure 4-32 shows the voltage output on four stages
of the output. The Marx generator has five stages. After calibration, the average voltages at
stages 2,3, 4, and 5 were measured to be 25.3 kV, 39 kV, 55.35 kV, and 57 kV. The
measurement closest to the average was used in Figure 4-32. A Marx generator is supposed to
double the voltage at each stage so it should be noted that this Marx was not functioning as
expected. Measurements on an industrial Marx generator were also taken but are not presented in
this thesis.
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Figure 4-32. Marx generator voltage measurements on stages 2-5 of the Marx Generator.
Measurements were also taken using two SCOS placed at different locations and
triggered from the same pulse. Through this, the time delay between discharges could be
measured by the SCOS. These measurements were taken by placing one of two SCOS on two
stages and measuring the average time delay between several discharge pulses for those stages.
Figure 4-33 shows the time delay between discharges at each stage. The delay becomes smaller
as stage number increases. The time delay measured varies between 3 μs and no time delay
between stages 4 and 5.

Figure 4-33. Time delay Marx generator measurements between stages 1 and 5.
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As stated earlier, these measurements were taken on a Marx generator that was fabricated
in our lab. There are industrial Marx generators capable of generating much higher voltages. The
SCOS were used to measure voltages on these Marx generators. Panda SCOS Testing Summary
Panda SCOS were used for a variety of applications including the characterization of
voltage on Marx generators and on spark plugs. They were done both on ignition coil circuits
and small Marx generators along with practical setups such as measuring the voltage on spark
plug in a car as well as the voltages on a Marx generator in a pulsed power application at
Redstone arsenal. A fabrication technique was developed that enabled Panda SCOS to be
submerged in transformer oil for extended periods of time without affecting the sensitivity of the
SCOS.
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5

CONCLUSION

Slab-optical sensors offer a unique method for measuring voltages and electric fields. It is
a small sensor composed of optical fiber, a crystal, and a small plastic trough. Its small crosssection makes it very portable and it can be placed in small enclosures, including complex
circuitry. It is composed of all-dielectric materials, which means it minimally perturbs the
electric field measurements unlike other electric field sensors. Currently, there are two types of
polarization maintaining fiber are used in SCOS fabrication. The first method utilizes D- fiber
and was the primary method used for the first portion of my research. D-fiber SCOS were used
to characterize arc dynamics across a spark gap. They were also used to take high voltage pulse
discharge measurements on the order of 70 kV.
A SCOS was developed using side-polished Panda fiber because of several disadvantages
associated with D-fiber. D-fiber is a custom-made fiber that makes it difficult and expensive to
obtain. There is a considerable amount of loss at link points between D-fiber and other optical
equipment because of a core size mismatch. Finally, SCOS fabrication using D-fiber is
dangerous because of prolonged exposure to hydrofluoric acid (HF) during the fabrication
process. The side-polished Panda SCOS remedies these problems. It is an easily accessible and
inexpensive fiber that can easily interface with other lab equipment. There is minimal loss at link
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points because Panda fiber has the same core size as other lab equipment. It also minimizes
exposure time during HF etching.
A fabrication process of Panda fiber SCOS was developed using a side polished The fiber
core is exposed through a professional polishing process handled by Phoenix Photonics.
Extensive testing was done to compare Panda SCOS to D- SCOS. Panda SCOS had more power
through them and had larger calibration ratios than D- SCOS. However, the PANDA SCOS were
more subject to phase noise because they had more power through them, which made them less
reliable than the D SCOS at lower electric fields. The fiber is also more sensitive and had the
potential to break easier during fabrication than a D-fiber. Overall, they make a viable alternative
for high field measurements that are cheaper, safer, and exhibits less loss than D-fiber SCOS.
The Panda SCOS were then used in a variety of applications and replaced the D- SCOS
in research applications because of the advantages associated with Panda SCOS. The Panda
SCOS was used to continue the work done with arc dynamics by successfully characterizing the
voltage across the electrodes of a spark on an ignition coil circuit. Once the method of
characterization was successfully implemented, the SCOS was used to measure voltage on the
spark plug in an automobile. The Panda SCOS was used in characterizing the voltage at different
stages of a Marx generator for misfire arcs and arc delays. Testing was done at Redstone arsenal
on a high electric field setup.
High electric fields cause breakdown of air at levels around 3 MV/m so transformer oil is
often used as means of insulating the SCOS and preventing damage to the SCOS caused by
unwanted arcing along with losses due to corona discharges. However, transformer oil seeps into
the low index epoxy and crystal which caused the SCOS to lose its electric field sensing
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capabilities so a transformer oil resistant SCOS was developed by protecting the SCOS in a glass
enclosure using Oxybond to prevent oil from seeping through the SCOS.
Overall, my biggest contribution to further developments in fiber optic sensing research
was in the development and testing of side-polished Panda SCOS. All my contributions are listed
in Section 5.1.

Contributions
As mentioned in the introduction, the main contributions in this work are outlined as
follows:
Major Contributions
o Pioneered the use of Panda fibers in SCOS fabrication. [18]
o Measured ignition coil circuit voltage using PANDA SCOS.
o Measured the voltage in a car ignition coil using a push pull D SCOS (or PANDA
SCOS).
o Tested voltages in a Marx Generator set up.
o Measured Arc dynamics using a D SCOS [19]
o Developed a method of creating a transformer oil resistant SCOS [4.3]
o Completed testing of a Marx generator system at Redstone Arsenal using Panda SCOS
Minor Contributions
o Contributed to making and testing the push pull SCOS [20]
o Helped design and extensively test a GUI application used for SCOS interrogation
[Appendix C]
o Assisted in packaging techniques of coaxial cable SCOS, SCOS fabrication for high
voltage measurements [28]
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APPENDIX A.

PANDA SCOS FABRICATION

The following section gives step-by-step instructions on TE Panda SCOS fabrication.
1. Order side-polished Panda fibers.
Phoenix photonics is a company that specializes in polishing fiber and polishes the fiber
using a proprietary method. Most of the fiber we used was polished along the slow axis about
one cm. Further testing could be done to request an extinction ratio of 70 dB for every fiber. This
could eliminate the need for fiber etching in a later step.
2. Fiber Splicing.
Splice the two ends of the Panda fiber to two Panda fiber pigtails. We used a Fujikura
fusion splicer. Ensure that the stress rods of the fiber will match the stress rods of the side
polished panda fiber. For this, we use an automated Panda-to-Panda splice which does not rotate
the fiber at all before performing the splice. For this method, the connectors should also be slow
axis aligned. Ensure that the losses have relatively low loss (0.0-0.1 dB). Once both splices have
been completed, ensure that light passes through the fiber using a red light tester.
3. Etch boat placement.
Place the optical fiber in an etch boat with the polished region in the center of the etch
boat. Ensure that the polished side of fiber is also situated with the flat side facing upward. If the
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polished region doesn’t face upward it will be impossible to properly adhere the crystal. The
fiber should be held taut in the etch boat.
4. Optical Spectrum.
Measure the optical spectrum using an amplified spontaneous emission source, a
polarizer set at 0 degrees, the fiber, and an optical spectrum analyzer. We measure a spectrum
about 40 nm wide. The optical power through should be attenuated by about 30 dB on the OSA
if everything is properly connected.
5. Waveguide adhesion.
Clean the fiber off using isopropyl alcohol in a sonic cleaner. This should remove any
unwanted contaminants from the fiber. Place a small amount of UV cure epoxy on the etched
region of the fiber. Use tweezers to place a lithium niobate slab waveguide (X-cut, 1 mm x 0.3
mm x 0.1 mm or 1 mm x-0.5 mm x 0.1 mm) on the polished region. Use a microscope to observe
crystal placement and tweezers to move the crystal around on the fiber. Observe the optical
spectrum for any dips in power at resonant wavelengths. Observe these dips. Ideally they should
be 10 dB and the y-axis should be parallel to the direction of light transmission of the fiber.
Every fiber will not be able to achieve these resonance dips and may require an HF etch as
explained in step 7. If 10 or greater dB resonance dips are achieved proceed to step 9. If not,
proceed to step 7.
6. HF Etching (if necessary).
It is very easy to break the fiber during this step so it must be done very carefully. Gently
lower the fiber into a container of HF by pressing inward on the etch boat clamps. The Panda
fiber is very fragile so it is safest (for the fiber, not the person doing fabrication) to fill the HF
almost to the top of the container that hold it. This way the fiber does not need to bend down too
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much to go into the HF. If it bends too much the fiber will snap so be careful. Only the polished
region should be submerged in HF. Keep it there for 10-30 seconds.
7. Attempt coupling.
It is almost always possible to achieve 10 dB resonance dips or more after the first HF
etch. Repeat step 6 after the HF etch and attempt coupling again.
8. Cure epoxy.
Secure the crystal to the fiber by curing the UV cure epoxy under a UV light. A nail
polish UV light works perfectly for this. Resonance dips may change slightly after curing the
epoxy. Observe the resonance dips to ensure that they stay 10 dB.
9. Trough placement.
Choose a trough size that is suitable for SCOS application. Situate the fiber so that it is
within a 3D printed trough or a milled trough made from ceramic material. Lower the fiber and
crystal into the trough while being careful not to touch the walls of the trough with the crystal so
that the crystal stays in place.
10. Five-minute epoxy.
Mix some five-minute epoxy and place a small amount of it on the regions of the fiber
where the polished region meets the unpolished region. Place this epoxy on both junctions
between polished and unpolished regions. Once the epoxy has cured, mix another batch of fiveminute epoxy and extend the 5-minute epoxy region a small amount outward by placing another
drop on the outer ends of the previously cured five-minute epoxy drops. The purpose of the
second layer of epoxy is to add more epoxy just to ensure that no low-index epoxy seeps out in
the following step. Be careful not to add enough epoxy that it begins to spill over significantly
into the polished region.
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11. Low-index epoxy.
Mix some low index epoxy in a small dish. Wait for several minutes for air bubbles to
escape the mixture. Then drip the epoxy into the center region of the trough from the side which
the crystal is not on. If the low-index epoxy is dumped directly on the crystal, It could knock it
out of place. Pouring it in from far away allows it to gently come in contact with the crystal.
12. Low-index epoxy curing.
Allow twenty-four hours for the low-index epoxy to cure completely.
13. Final packaging.
Use a razor blade to snap off the ends of the fiber from the previous splices. This needs to
be done so that tubing can be placed over the fiber. Slide plastic tubing over the fiber all the way
in to the plastic trough. Ensure that the tubing is long enough to cover the fiber. Secure the
tubing to the trough and fiber using five-minute epoxy. Do this for both ends of the fiber.
14. Final splicing.
Splice both ends back to the fiber connectors. Test resonance dips and power
transmission to ensure nothing was damaged during fabrication. The SCOS is now complete and
ready to test electric fields!
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APPENDIX B.

D SCOS FABRICATION

Preparation
Materials:
1.

~65 cm D-fiber

2.

Latex gloves

3.

Bare fiber clamp (size 250)

4.

Fiber stripper

5.

Fiber cleaver

6.

Isopropyl alcohol

7.

Fiber cleaning box

8.

Etch boat

Procedure:
1. Cut approximately 65 cm of D-fiber from a spool of D-fiber.
2. Strip the jackets off the ends of the fiber. Use a 250 bare fiber clamp and place it in the
striper. Press down on the top of the stripper until the red light turns green. When the light
turns green, slowly pull the end of the wire out of the stripper. Clean the edge with isopropyl
alcohol.

85

3. Use the cleaver to chop off the end of the wire and make it a clean straight edge. Do this to
both ends of the fiber (steps 2 and 3).
4. The center of the fiber needs to be stripped. Strip 2 to 2.5 cm out of the center using the
stripper.
5. Place fiber in the etch boat. The center should be the stripped region in the center of the
fiber. It should be placed with the shiny side (flat side) facing up.
Etching:
Materials:
1.

25% Hydroflouric Acid (HF)

2.

IPA Bath

3.

Labview Software

4.

Distilled water

5.

HF safety gear (gloves, goggles, apron)

Procedure:
1.

Clean all three stripped regions with isopropyl alcohol. Make sure to use a sonic cleaner on the
middle region.

2. Take the fiber to the fume hood and align the fiber so that an ultra-violet laser is shining
through a polarizer, then through the fiber, then again through a polarizer that is in the same
direction as the first, and finally into an optical power meter. You should be able to get at
least 50 uW if not many more.
3.

Put on the protective equipment including latex gloves, an apron, goggle, face shield, and a
set of nitrial gloves. Be very careful using hydrofluoric acid!
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4. Lower the fiber into the hydrofluoric acid until a little less than 1 cm is submersed in the
HF. Make sure that none of the fiber's coating touches the HF. Keep this here for 30 to 100
seconds.

Figure B-1. HF etching.
5. Using Labview, watch for the power to oscillate 2 times. It should begin at the top oscillate
once and then return to minimum power, once it reaches the trough and begins to ascend
again, remove the fiber from the HF. This should take about a half hour to reach this point
from when it is initially placed in the HF. Be ready with safety gear on once the power starts
going down for the second time. The hood should be closed while etching.
6. Clean up the fiber using the distilled water and then place it in the IPA bath.
7. Place cover back on HF and carefully put it away.
Finding the Resonance:
Materials:
1.

Crystal

2.

Five Minute Epoxy

3.

Microscope

4.

UV Adhesive Glue and UV Lamp

5.

Tweezers

6.

Optical Spectrum Analyzer (OSA)
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Procedure:
1. UV adhesive glue cures when exposed to UV light. Otherwise it will not harden. For this
reason, place the UV adhesive glue on cue tip with the yellow light turned on. This will
prevent the glue from beginning to cure inside the bottle. Cover the bottle when the regular
lights are turned on and it is no put away in a drawer.
2. The fiber cable is set up across the bridge. There should be plenty of extra fiber on each
side. One end is attached to the (aligning tool) and the other end is connected via bare fiber
adapter as an input to the OSA (Optical Spectrum Analyzer). The fiber should be going flat
side up into the bare fiber adapter. The bridge should be underneath the microscope. Adjust
the microwave so that the fiber stretched across bridge is in focus under the microscope. A
mirror should be placed underneath the wire.
3. Using the cue tip to gently apply a small amount of glue to the non-etched portion of the
fiber.
4. The next steps require a lot of caution because the crystals are expensive and very small.
Use tweezers to gently place a crystal on non-etched portion of the fiber. It is more precise
to place the crystal on the fiber using the microscope. Be very careful not to stretch the
fiber! Avoid touching the fiber because when pressure is released from the wire the crystal
could be fired across the room. The crystals are tiny and clear, so if this happens, there is not
a good chance of finding the crystal ever again. Be very careful.
5.

Chances are the crystal was not placed correctly on the D-fiber. Adjust the crystal (using
the microscope and the tweezers) so that the longer end (2 nm) of the crystal runs parallel to
the D-fiber and the shorter end runs perpendicular to the D-fiber. To get readings from the
OSA, the crystal must be on top of the fiber and not underneath the fiber.
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Figure B- 2. Microscopic view of crystal adhesion.
6. Check the optical spectrum to see if the crystal is properly situated. If the crystal is correctly
placed, the OSA should detect at least 15 dB of resonance between the peak and the
minimum power.

Figure B-3. Resonance spectrum as shown by an optical spectrum analyzer.
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7. If it is not adjusted correctly, use the tweezers to carefully adjust the horizontal position of
the crystal to the left or right. It should be able to go anywhere on the etched region of the
fiber, but pay close attention to where the OSA begins to output a gain and loss in power.
Adjust the fiber until there is at least 15 dB. This could take some time to find the correct
spot.
8. If this process takes a long time, the UV glue could begin to get viscous, which makes the
process of adjusting the crystal very difficult. To clean, put some acetone on the mirror.
Loosen the fiber so that it rests in the acetone on the mirror. Let it sit for several minutes and
wipe off the glue from the fiber and dry off the mirror. Reapply UV glue from the cue tip to
the fiber and continue adjusting the crystal.
9. Once the crystal is set up in the correct spot, turn on the UV lamp and place the light
directly over the crystal. This will cause the UV glue to cure.
Packaging:
Materials:
1.

5 minute epoxy

2.

Low Index Epoxy

3.

Package

Procedure:
1. Wait for UV cure glue to be completely dry.
2. Place the package underneath the crystal and the fiber. This must be done very carefully. Do
not touch the sides of the package with the crystal or wire because it could knock the crystal
out of place. The package will need to be propped up in a position so that the wire fits
perfectly inside the gap running through it.
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3. Place 5 minute epoxy where the jackets end on the fiber. The epoxy should just barely touch
the shiny part of the wire. No epoxy should get on the etched portion of the wire. If it does,
the resonance on the OSA will return to zero. Monitor the OSA while placing on the epoxy
to ensure that epoxy has not been added in the incorrect place.
4. When the five minute epoxy has cured, place low index epoxy to cover the remainder of the
fiber and the crystal. It is best to place the low index epoxy on the ends of glue and let it
settle underneath the crystal. Placing glue on top of the crystal could cause it to be knocked
out of place. Monitor the OSA to make sure there is still 15 dB of resonance. Put enough
epoxy in the package to allow it to be flush with the top of the package.
5. Let the low index epoxy settle. This could take several hours or overnight.
6. Once the low index epoxy has settled, cut wire jackets to cover both ends of the fiber
coming out of the package.
Connectorization, which will be explained in Appendix D.
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Connectorization Tutorial

APPENDIX C.

INTERROGATOR GUI WALKTHROUGH

The following section gives an overview of the interrogator application developed by the
electro optics lab. The purpose of the application is to use a GUI to characterize electric fields
and in a straightforward and intuitive manner. It interfaces with the laser to detect the mid
resonance wavelength of a SCOS. After data has been collected at this wavelength, the
interrogator application uses calibration files and measurement files that have been collected by
the user and gives visual representation of the measurements. This section also explains the
setup and process of taking an electric field measurement. Figure C-1 shows the GUI before the
program has been initialized.

Figure C-1. Application screen before measurements.
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1. Sensor Selection
The top left corner has a section for choosing a SCOS, as shown in Figure C-2. Add a new
sensor or load a previously chosen sensor from the Sensor drop down menu. If you choose to
add a new sensor, you may choose to give it an E-shift value which has been previously
measured. This is not necessary.

Figure C-2. Sensor Panel.
2. Laser Initialization
There is a laser panel located below the sensor panel. It is shown in Figure C-3. Initialize
the laser by choosing a laser from the drop down menu and pressing the Initialize button. There
are currently several options which include the Cobrite laser and the Oclaro laser used in the
interrogator setup. One the laser has been selected, press the initialize button. The laser will take
a moment to power on and stabilize. Once the laser turns on, the power and wavelength fields
become active and show the current setting. You can use the same fields to change the
corresponding values. The status bar on the bottom left of the window will indicate ‘busy’ while
the laser is turning on and ‘ready’ when laser state has stabilized.
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Figure C-3. The laser panel is located below the sensor panel. It contains a fields to input the
power as well as the wavelength. The bottom left of the screen inicates gives a ready signal when
the laser is stabilized.
3. DAQ Initialization
The Data Acquisiton (DAQ) panel is located below the laser panel. Initialize the DAQ
by choosing a DAQ from the DAQ drop-down menu. The program should indicate that the
DAQ has been turned on and a voltage value associated with it. This can be seen in Figure C-4.

94

Figure C-4. DAQ Indicator.
4. Wideband Scan
Perform a rough scan by pressing Scan WB Spectrum. A progress bar, seen in Figure C5, will pop up showing the estimated time remaining. If you have a previous spectrum saved
that you wish to use, you may opt to load it in place of a taking a new measurement. The laser
and DAQ need to be initialized and a sensor selected in order for the Scan WB button to
become active.

Figure C-5. Rough scan progress bar.
At the end of the scan, the rough spectrum, shown in Figure C-6, will be populated and
the pulldown menu below will go active populated by the resonances recognized in the
wideband spectrum. It will show a wideband spectrum with multiple resonances. This step will
also save a MAT file with the wideband spectrum data. A typical SCOS should have a
maximum voltage value between 1 and 2 volts. The minimum value should be around zero
volts. The TIA gain should be set to a value that gets close to these values without overloading
the system. Sometimes the rough spectrum measurement will not collect every data point so the
trough of the spectrum is not always collected. Note that the TIA and the oscilloscope should
both be DC coupled, otherwise it will be impossible to take a spectrum measurement. During
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this step you should observe the oscilloscope screen to see if the DC voltage level is swinging
approximately between 0 and 2 V. You should also watch the TIA to make sure the voltage
levels do not overload the TIA. Any problems with those will necessitate checking your system
and a rescan. Troubleshooting this step involves checking to see it optical power is making it
through the fiber and checking the impedance settings on the oscilloscope.

Figure C-6. Example Rough Spectrum. Because it is only a rough scan, it does not collect every
data point. Note that the minima at 1542 nm and 1552 nm is not a true minimum of the spectrum.
5. Narrowband single-resonance Scan
Below the wideband selection in the resonance panel there is a panel with the option to
complete a narrowband scan of a single resonance dip. This is shown in Figure C-7.Choose a
single resonance to perform a more comprehensive scan. The default resonance is the first
resonance to the right of 1550 nm. We usually choose resonance wavelength range around 1550
nm because most optical equipment is optimized for this wavelength.

Figure C-7. Resonance Panel.
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Scan resolution is the distance in wavelength between the two data points that will be
captured to form the single resonance spectrum. You have the option to choose a scan resolution
by typing in a new resolution in the Scan Resolution field. The estimated scan time is updated
each time a new scan resolution is entered. A finer scan (smaller wavelength range) will take
longer than a rougher scan. Resolution of 300 pm takes around 7 minutes.
The sensor has a name and an E-shift value (set in step 1). To determine the proper scan
resolution take the E-shift value and multiply it by the maximum expected field value. The
maximum expected field can be estimated with the following values, based on how
measurements are taken. In transformer oil, the approximate maximum electric field is 15
MV/m. The maximum field in air its 3 MV/m when no arcing occurs. It is 5-6 MV/m when
arcing does occur.
If you are taking a measurement in air with arcing and had an E-shift of 50 (V/m)/pm
you would get a max shift of 250-300 pm. To get the benefits of non-linear calibration, set the
resolution to be less than the max shift. Figure C-8 shows the scan resolution being updated to
50 pm.

Figure C-8. Updating the scan resolution on the resonance panel.
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Press the Scan Single Resonance button or choose to load a previous resonance if you
have scanned this SCOS before. A pop-up window, shown in Figure C-9, will indicate the
beginning of the scan.

Figure C-9. Fine Scan progress bar.
At the end of the scan, a fine spectrum graph will appear. It is shown in Figure C-10.
This graph shows a smooth spectrum of the selected wavelength range and indicates the
wavelength of maximum sensitivity. The interrogator application has calculated this wavelength
to be the location on the resonance edge with the steepest slope. Tuning a laser to this
wavelength will enable the SCOS to take the most sensitive measurements. The laser
wavelength is automatically set to this wavelength but it can be changed by editing the
wavelength field in the laser section. It can always be returned to the most sensitive wavelength
by clicking on the Max Sensitivity Wavelength text field in the Resonance panel. A vertical red
line indicates the current laser wavelength and turns grey when the laser is off.
6. Calibration Measurements
Attach a calibration high voltage source to the electrode structure. We use a 6 kV AC
source. It has a 60 Hz signal so set the oscilloscope to 20 milliseconds/division to get a clear
reading on the oscilloscope. The DAQ should be connected in parallel with the Oscilloscope
and connected to the photodiode using a T-connector. This connection allows the oscilloscope
to see the same voltage measurements as the DAQ.

98

Figure C-10. Rough spectrum and a corresponding single resonance.
You may set the oscilloscope to DC 50 Ω impedance or AC 1 MΩ. If it is AC coupled, it
will be easier to work with because the signals will be centered around zero. However, this
filters off a third of the signal and results in a smaller peak-to-peak voltage. If you choose DC
coupling, it will retain the DC offset and the entire signal. It is more difficult to find these
signals on some oscilloscope since they are not centered at zero. However, it provides a bigger
signal. Whichever coupling you choose, you must use the same for taking calibration
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measurements and field measurements. The TIA, shown in Figure C-11, has several settings to
consider.

Figure C-11. Transimpedance amplifier (TIA).
a.

Gain setting: There is a high speed and a low noise setting. High gain will have more
noise and a higher voltage output. The low noise setting also has a lower bandwidth.

b.

Transimpedance gain: This can be adjusted from 102 to 108 V/A. It is affected by the
low-noise/high speed switch as well. These two can be used in conjunction with each
other to find the ideal setting. There are 2 rows of gain settings, corresponding to the
high speed or low noise switch. The top row corresponds to high speed and bottom row
to low noise. Adjust the settings till the red overload light indicates the gain is too high.
Lower the gain by one setting (10 x less) and use this as your gain setting. Adjust the
volts/div setting on the oscilloscope to properly see the sine wave emitted. It will help to
remember the measured voltage peak to peak from calibration measurement for this
measurement in the next step when taking measurements.

c.

Bandwidth: Upper cutoff frequency can be set to 10 MHz, full bandwidth (FBW), or 1
MHz. Set to FBW to allow the fastest measurements. The TIA has a maximum upper
cutoff frequency based on the gain setting you choose.
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d.

Coupling: AC or DC. This should be DC coupled for calibration. Both this and the
oscilloscope need to be DC coupled for there to be an offset voltage on the oscilloscope.

e.

Bias Voltage: Set the bias voltage to ground.

Before saving each measurement on the oscilloscope, put the laser in low noise mode by
clicking on the Low Noise radio button. This is shown in Figure C-12.

Figure C-12. Laser Panel in low noise mode for taking measurements.
This should reduce noise enough to take clear measurements. However, for some lasers
low-noise mode is not recommended to be used for an extended time. A pop up window, shown
in Figure C-13, will let you set a reminder to turn off the low noise mode. The default reminder
time is 5 minutes, which is a safe duration.

Figure C-13. Low noise timer setup.
You can take measurements for the duration of time indicated in the low-noise pop-up
window, shown in Figure C-14.
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Figure C-14. Low noise timer indicator.
At the end of the low noise the program will indicate that it is time to give the low noise
mode a break.
Save several calibration measurements. Write down or remember the peak-to-peak
because this will help you to adjust the voltage for the field measurements.
Troubleshooting this stage includes checking connections, moving electrodes closer
together, and ensuring that the SCOS is properly situated with optic axis in the direction of the
electric field. There is some type of periodic noise that can be introduced by the DAQ. The
DAQ is not a critical element so it may be removed from the system if this noise is in the
system. Some coaxial cables introduce noise into the system so noisy measurements may also
be fixed by changing cables out.
Note:
The laser needs to be kept on and tuned to the actual wavelength at which the
measurements were taken when loading data to the computer in future steps. This needs
to be done when calibration is loaded in as well as when the measurement data is
loaded in.
7. Measurements
Take the unknown field measurements. These are similar to calibration measurements.
Set up the oscilloscope for the right time window based on the expected speed of your
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measurement. For discharges or pulse measurements, set a trigger using the setup function on
the oscilloscope. Set up the voltage levels based around the expected output, which you can
estimate based on the peak-to-peak voltage in the calibration measurement. Make sure that the
oscilloscope is not self-triggering.
Take measurements using preferred settings. And save the files as measurement files.
Take the measurements. The TIA has several settings to consider.
a.

Gain setting: There is a high speed and a low noise setting. High speed will have more
noise, a higher voltage output, and higher upper cutoff frequency than the low noise
mode.

b.

Transimpedance gain: Keep the gain at the same level as in the calibration step. Adjust
the volts/div setting on the oscilloscope to properly see this signal. It will help to
remember the measured voltage from calibration measurement and adjusting the
oscilloscope volts/div based on the expected pulse voltage measurement.

c.

Bandwidth: Upper cutoff frequency can be set to 10 MHz, FBW, or 1 MHz. Keep the
TIA at FBW to allow the fastest measurements.

d.

Coupling: AC or DC. Keep this the same as the settings in the calibration. AC settings
are easier to deal with but filter cut off a portion of the signal. If you change the setting it
will give an inaccurate calibration.

e.

Bias Voltage: Keep the bias voltage to ground.

Note:
The laser needs to be kept on and tuned to the actual wavelength at which the
measurements were taken when loading data to the computer in future steps. This needs

103

to be done when calibration is loaded in as well as when the measurement data is
loaded in.
8. Results Page
Set the calibration settings. Choose the peak-to-peak voltage of the calibration source.
There is also an option to choose a x10 calibration, in case your measurements were made
with an additional x10 gain voltage amplifier stage after the TIA. This gain stage may be
used to increase the gain without decreasing the bandwidth. Changing between these setting
can be shown in Figure C-15 and Figure C-16. Transfer measurements data from
oscilloscope to the computer hard drive.Click the Load Calibration File and choose and
navigate to the calibration file. There is a setting to measure peak-to-peak voltage. The AC
peak-to-peak voltage source we use has a voltage level of 6760 V. If a different source is
being used for calibration, the peak-to-peak voltage may be adjusted to the voltage level
used for calibration by typing it in the field.

Figure C-15. Calibration panel setup.

Figure C-16. Calibration file with a setup using an additional 10x gain after TIA.
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Then click the Calibrate Trace File button and choose a calibration file.
After a few moments the results page will appear showing linear calibration and nonlinear calibration for the E-field and for the voltage. For larger data size, the results page might
take up to a few minutes before it appears. An example page is shown in Figure C-17.

Figure C-17.Results page, linear and non-linear calibration.
Click the Calibration Preview button,, shown in Figure C-18, on the bottom left hand
side to view the calibration measurements. You can zoom in/out and check levels using the
icons. The program is designed to detect whether AC or DC coupling was used while taking the
measurements.

Figure C-18. Calibration preview button.
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A window will pop up showing a calibration measurement. An example is shown in
Figure C-19.

Figure C-19. Calibration preview graph.
You can zoom in on the measurement as shown in Figure C-20.

Figure C-20. Zoomed in calibration preview (zoomed in).
Click the Calibration Preview button to return to the results page.
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You can zoom in on individual graphs by double clicking on them, as shown in Figure
C-21 and Figure C-21. The program is also designed to take non-linear measurements for very
high voltages and electric fields which push the sensor out the linear region.

Figure C-21. Linear calibrated t measurement.

Figure C-22. Linear calibrated measurement zoomed in.
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APPENDIX D.

CONNECTORIZATION TUTORIAL

The purpose of etching the fiber is to give it a small enough radius that it can fit through
a connector. Strip about 2 cm from the end of the fiber and clean it with IPA. The tubing on the
fiber should extend fairly close to the edge of the stripped region (~1 cm). the fiber can now be
placed in 25% HF. Place the stripped region of the fiber (which should be about 2 cm) into the
HF, as shown in Figure D-1. It should be placed in the HF nearly all the way to the cladding.
Etch the fiber for two minutes.

Figure D-1. Etch fiber tip in 25% HF for 2 minutes.
After etching, immediately rinse the etched region in water. You should keep a small
tub of water right by the HF tub and have the lid open so you can get the HF rinsed off the fiber
immediately.
After rinsing in water, place in a sonic cleaner filled with IPA. The sonic cleanse takes
about 5 minutes. Make sure the fiber stays submerged the whole time.

108

The fiber should look similar to Figure D-2 (bottom) after the etch. Note that the
etched/stripped region is a little thinner than the area around it.

Figure D-2. The fiber before (top) and after an etch (bottom).
The next step requires D fiber connectors and Piano wires. We purchase connectors for
D fiber SCOS from Thorlabs. They are FC/PC connectors designed PM fiber with 125 µm
bores. We use 3” piano wire purchased from Fiber Instrument Sales.
Test the ferrule of the D fiber connector with piano wire to see if any debris will prevent
the fiber from passing though. The Piano wire should clear all the debris out of the connector. If
the piano wire fits nicely though, try fitting the fiber through the ferrule. If it does not fit, you
may consider cleaning the fiber again or etching it for another 15 seconds and trying again.
Don’t resort to a second etch just because you cannot get the fiber though on your first try. Just
wiggle the fiber around and try to get it through a couple times.
Next, mix the epoxy and place in the correct ratio and place in a syringe. Fill a syringe
with the epoxy and insert epoxy into the connector. Fill up the inner circle with epoxy. It is
easiest to do this by holding the connector vertically and allowing the connector to fill up
naturally.
Place a strain relief boot on the fiber and slide it down the tubing. There is enough epoxy
in the connector when it fills the center region of the connector and begins to over flow. Once
there is enough epoxy in the connector, stick the fiber through the middle of the connector.
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Important note:
During this step it is very easy to break the fiber. It is somewhat difficult to fit the fiber
through the ferrule. Just be patient!!! It takes a good deal of practice to do it correctly,
or so I have been led to believe as almost everyone seems to break the fiber many times
when learning this step. I don’t know why but I think they just push it too fast or when
the fiber begins to bend they keep pushing, causing it to snap. It is not actually that hard
but may still take you a couple tries. If the fiber breaks, try to get all the fiber remains
out of the ferrule so it can be reused.
If it breaks, just strip, clean, etch, and clean the fiber and try this again. Keep the ferrule
placed vertically to prevent any epoxy from spilling out. Figure D-3 shows the process of
placing the fiber through the connector.

Figure D-3. Place the fiber through ferrule. Secure boot around back of connector. Place bead of
epoxy on ferrule tip.
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The fiber should go through the connector as far in as it will fit and the outer tubing
should extend all the way into the connector into the inner circle so that epoxy covers it. Around
a centimeter of etched fiber should stick out the other end of the ferrule, but this length will vary
a bit based on how much you etched and stripped.
Slide the strain relief boot to the connector and carefully place it around the back of the
connector. Be sure to keep the tubing in place.
Place a small epoxy bead on the end of the ferrule around the fiber.
Allow the epoxy to cure overnight. Keep the vial that you mixed the vial in to ensure
that it has completely cured before continuing.
Cleave the end of the fiber. It is easiest to do this with a razor, as shown in Figure D- 4.
Only a small amount of fiber should remain protruding from the epoxy bead.

Figure D- 4. Cleave the excess fiber using a razor.
Polish away the first bit of fiber by holding a 5µm grade polishing film in an ‘S’ shape
and gently moving the fiber up and down the film, as shown in Figure D- 5. Do this until that
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fiber protruding from the bead is polished away. Most of the epoxy should still remain. This
process should not take more than a few minutes.

Figure D- 5. Polish excess fiber by holding the 5 um film in an 's' shaping and mocing the
connector up and down.
The next steps require a lapping tool and a polishing setup. Figure D-6 shows the bottom
view and side view of the lapping tool.

Figure D-6. Lapping tool, bottom view (left) and side view (right).
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Place the fiber in the lapping tool, as shown in Figure D-7. The epoxy will stick out a
little through the hole. We use polishing films that are 5 µm, 1 µm, and 0.3 µm purchased from
Fiber Instrument Sales.

Figure D-7. Place the ferrule through the hole in the middle of the lapping tool.
Place water or IPA on the polishing pad surface to allow for adhesion between the film
and the pad. Clean the fiber tip off with IPA and air. Clean surface of polishing film with IPA
and air. Place the lapping tool and ferrule tip gently on the polishing film, as shown in Figure D8(left). Hold the connector in one hand and press firmly against the film. Make polish the fiber
by making figure 8 movements, as shown in Figure D-8 (right).

Figure D-8. 5um polishing setup (left) and a top view indicating figure 8 polishing movement
(right).
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Make these figure 8 movements, checking periodically to see if the epoxy has been
polished away. When the vast majority of the epoxy has been polished, a thin film of epoxy will
remain at the tip of the ferrule. When there appears to be only a small bit remaining, it is safe to
move on to fine polishing.
Note:
It is better to under polish than to over polish when using the 5 µm film. If the epoxy is
polished away, the 5 µm film can damage the ferrule and make it difficult to polish.

Figure D-9. After polishing with 5 um film, only a very small portion of epoxy should remain on
the end face of the fiber.
Switch the 5 µm film out for 1 µm film. Make sure to clean it with IPA as was done
previously. The fine polishing process is a little different for this one. Place three small drops of
water on the right side of the polishing film. Do figure 8 movements from top to bottom while
gradually moving the lapping tool and connector to the left. You should be able to get about
twenty figure eights in while moving the fiber to the left, as shown in Figure D-10.

Figure D-10. 1 um polishing setup (left) and a top view indicating figure 8 polishing movement
(right).
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Once this has been done, clean with IPA and a fiber cleaner box and blow dry the
ferrule. Check the ferrule end using a fiber endface microscope. We use YAWCAM microscope
to see how smooth the ferrule tip and fiber appear. Chances are that the first time it will not be
smooth enough. Clean everything, including the ferrule end face and the polishing film. Polish
the film in the same manner again. Replace the film after every third or fourth polish. Keep
everything very clean. Once you have determined that the endface and fiber are devoid of any
scratches/epoxy you have the option to move on to super fine polishing (0.3 um film). Figure D11 shows the ferrule with the epoxy removed from the tip.

Figure D- 11. .After fine polishing, no epoxy should remain on the ferrule tip.
The same process is done as was for the 1 µm film, but it should only need to be done
once or twice. The setup and process can be seen in Figure D- 12.

Figure D- 12. 0.3 um polishing setup (left) and a top view indicating figure 8 polishing movement
(right).
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Check the final result in the webcam and if you are satisfied, you can lock the fiber in
place with super glue through a process called keying. Figure D- 13 shows the microscope view
of a properly polished fiber. It has no scratches and the flat side of the fiber is clearly visible.

Figure D- 13. A properly polished end face (YAWCAM view).
To key the fiber, stick the ferrule into the microscope. Lock it in place. Once it is locked
in place you can rotate the fiber around so that it is in the vertically, as shown in the figure.
Once you get this in place you can fill the key of the connector with super glue. It is now keyed
in place.
Figure D-14 shows a more detailed view of the connectors.

Figure D-14. Detailed view of Thorlabs fiber FC/PC connector.
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First place the connector in the microscope and lock it in place by rotating the
equipment interface lock, as shown in Figure D- 15.

Figure D- 15. . Move the interface lock forward to interface with lab equipment (in this case the
fiber the fiber microscope).
Adjust the ferrule rotator while observing the orientation of the fiber end face, as shown
in Figure D-16. Try to get it as vertically aligned as possible as shown in the picture that says
after alignment.
This is slow axis aligned and how we make for TE mode D SCOS.

Figure D-16. Rotating the fiber so it is properly aligned. The microscope view should appear like
the After Alignment image for it to be keyed.
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When you are satisfied with the orientation and sure that is vertically aligned (we
usually check with a computer program such as Paint) place a dollop of super glue in the ferrule
lock, as shown in Figure D-17. Wait a few moments for it to set.

Figure D-17. Place a small amount of super glue in the ferrule lock.
The connector is now keyed and ready for testing! Figure D-18 shows a fully
connectorized and keyed.

Figure D-18. A fully connectorized D-fiber.
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APPENDIX E. MATLAB CODE

The following sections are important snippets of code I used in my research. It contains
code that was frequently used for testing SCOS. It includes code used to plot and compare the
resonance spectrums of different SCOS sensors, the code used to estimate noise equivalent
power of a SCOS, and the code used to filter and plot the ignition coil voltage waveform on a
car. It also includes various functions associated with these files. These files contain the basic
structure for the data analysis used in the measurements I took.
This does not include the code for the interrogator application as that is too long to be
included in this report and I only wrote a small portion of that code.
Plot Resonances
%This program takes several optical spectrum files saved using Labview and
%plots them
close all
clear all

m = dlmread('resonance 1','\t',1,0);
n = dlmread('resonance 2','\t',1,0);
h5 = figure(1);
plot(m(:,1),m(:,2))
hold on
plot(n(:,1),n(:,2),'-- ')
hold on
grid on
legend('resonance 1','resonance 2')
xlabel('Wavelength (nm)') % x-axis label
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ylabel('Power (dBm)') % y-axis label
saveas(h5,'final','epsc2');

Noise Equivalent Power
close all
clear all
%This program takes several .trc files that represent voltage vs. time
%signals. It takes the fourier transform of the files.
%Take the Fourier transform of multiple programs
[YFFT0
[YFFT1
[YFFT2
[YFFT3

f] = fft_0('C3312panda00003.trc');
f]= fft_0('C3312panda00002.trc');
f]= fft_0('C3312panda00001.trc');
f]= fft_0('C3312panda00000.trc');

YFFTnoise = (YFFT0+ YFFT1+YFFT2+YFFT3)./4;
%Take the mean of the files to create the noise
[YFFT0
[YFFT1
[YFFT2
[YFFT3

f] = fft_0('C3312panda00003.trc');
f]= fft_0('C3312panda00002.trc');
f]= fft_0('C3312panda00001.trc');
f]= fft_0('C3312panda00000.trc');

%Take the mean of the files to represent the signal
YFFTsig = (YFFT0+ YFFT1+YFFT2+YFFT3)./4;
h0= figure('PaperUnits', 'inches');
pos = get (h0, 'PaperPosition');
set (h0, 'PaperPosition', [pos(1) pos(2) 3.5 pos(4)/pos(3)*3.5] );
subplot(2,1,1);
freq = f./1000;
y_noise = YFFTnoise.*1000;
%This portion removes the voltage spike at the dominant frequency by
%averaging it with the signal before and after the pulse
%Plot the signal with just the noise
y_noise(83:86) = (y_noise(78)+y_noise(90))/2;
plot(freq,y_noise,'Linewidth',1)
ylabel('Fourier magnitude (mV)')
xlabel('Frequency (kHz)')
xlim([0,30])
grid on
%Plot the Signal with the pulse
freq_signal = f./1000;
y_signal = YFFTsig.*1000;
subplot(2,1,2);

120

plot(freq_signal,y_signal,'Linewidth',1)
xlabel('Frequency (kHz)')
xlim([0,30])
[maxYValue, indexAtMaxY] = max(YFFTsig);
%Create to arrays that will be used to calculate the NEP from the Signal
%and noise
%Note that the values used in this file are were taken from an
%oscilloscope data that was taken for 500 us/div and 5.0 MS. Two properly
%collect and average the values and to remove the dominant prequency pulse
%for different sample rates, different index values would have to be used.
nep_noise = ones(1,82);
nep_signal= ones(1,82);
%Fill the Noise Equivalent Power Arrays with with values from y_signal and
%y_noise
for n = 44:126
nep_signal(n-43) = y_signal(n)^2;
nep_noise(n-43) = y_noise(n)^2;
end
[maxYValue2, indexAtMaxY2] = max(nep_signal);
%Sum the squares of the noise file and signal file
sum_of_squares_of_noise = sum(nep_noise);
sum_of_squares_of_signal = sum(nep_signal);
%div is the Noise Equivalent Power
div = sum_of_squares_of_signal/sum_of_squares_of_noise
grid on
saveas(h0, 'fourier','epsc2');

Fourier Transform Function
function [YFFT f] = fft_0(filename)
info1 = ReadLeCroyBinaryWaveform(filename);
% ReadLeCroyBinaryWaveform is a function used to convert a LeCroy
% Waveform to a file
t = info1.x;
V2 = info1.y;
L=size(V2,1);
NFFT = 2^nextpow2(L); % Next power of 2 from length of y
Y = fft(V2,NFFT)/L;
Fs=L/(max(t)-min(t));
f = Fs/2*linspace(0,1,NFFT/2+1);
YFFT = 2*abs(Y(1:NFFT/2+1));
end
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Plot Ignition Coil Files
clear all
close all
%dependencies: ReadLeCroyBinaryWaveform.m, doCalibration.m
%plots all TRC files in the current folder
%specify the filename to the calibration file:
%60Hz calibration
%This program takes all the files in this directory, calibrates them using
%a calibration file, and plots the calculated voltage vs. time response of
%the ignition coil. It uses a low pass filter and the smooth function to
%obtain a cleaner function
calibration_filename = {'C2cal00000.trc'};
Vspp = 2*2.924841104279082e+03; freq = 60;
fname = calibration_filename{1};
read_data = ReadLeCroyBinaryWaveform(fname);
clear fname;
tcal = read_data.x; Vcal = read_data.y;
for ii=1:length(calibration_filename)
fname = calibration_filename{ii};
read_data = ReadLeCroyBinaryWaveform(fname);
clear fname;
tcal = read_data.x; Vcal = read_data.y;
Calibration_ratio(ii) = doCalibration (tcal, Vcal, Vspp, 10);
end
Calibration_ratio = mean (Calibration_ratio);
save ('calibration_ratio.mat', 'Calibration_ratio')
dd = dir;
dn = char(dd.name); clear dd;
smt = 10;
for kk=1:size(dn, 1);
fname = strtrim(dn(kk,:));
%TRC files
if length(fname)>2 && strcmpi(fname(end-2:end),'trc')&&
~strcmpi(fname(1:end-7), calibration_filename{1}(1:end-7))
aa.(genvarname(num2str(kk))) = ReadLeCroyBinaryWaveform(fname);
aa.(genvarname(num2str(kk))).name = fname;
t = aa.(genvarname(num2str(kk))).x; V =
aa.(genvarname(num2str(kk))).y;
Vs = smooth (V, smt); Vs = (Vs - Vs(1));
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h0= figure('PaperUnits', 'inches');
pos = get (h0, 'PaperPosition');
set (h0, 'PaperPosition', [pos(1) pos(2) 3.5 pos(4)/pos(3)*3.5]

);

V = Calibration_ratio.*Vs;
t= 1e3.*t;
%Creates a low pass filter
L1=size(V,1)
t1 = t;
fs1=L1/(max(t1)-min(t1));
fn1=fs1/2;
n=3;
f11 = 200;
Wn1 = f11/fn1;
R1=0.1;
ftype1 = 'low';
[z1, p1, k1] = butter(n, Wn1,ftype1);
[sos1,g1]=zp2sos(z1,p1,k1);
Hd1=dfilt.df2sos(sos1,g1);
yf1 = filter(Hd1, V);

plot (t-10, -yf1)
grid on
axis tight
xlabel('Time [ms]', 'FontSize', 12);ylabel('Voltage [kV]',
'FontSize', 12);
saveas(h0, fname(1:end-4),'epsc2');
saveas(h0, fname(1:end-4), 'fig');
end
%CSV files from the old oscilloscope (has to be converted from the XLS
format into CSV)
if length(fname)>2 && strcmpi(fname(end-2:end),'csv')
a=csvread (fname, 10, 1);
V = a(:,1);
Vs = smooth(V, smt);
t = a(:,2);
clear a;
Vs = (Vs - Vs(1));
h0= figure('PaperUnits', 'inches');
pos = get (h0, 'PaperPosition');
set (h0, 'PaperPosition', [pos(1) pos(2) 3.5 pos(4)/pos(3)*3.5]

);

set(gca,'YDir','reverse');
plot (1e3.*t, Vs)
xlabel('Time [ms]', 'FontSize', 12);ylabel('Voltage', 'FontSize',

12);

end

saveas(h0, fname(1:end-4),'epsc2');
saveas(h0, fname(1:end-4), 'png');
saveas(h0, fname(1:end-4), 'fig');

end
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Calibrate Function
function Calibration_ratio = doCalibration(x0, y0, Vspp, smt_points)
%Finding calibration ratio for
% fname - filename containing calibration data
% Vspp - peak to peak value of the applied source voltage
% Vspp = 2*2.924841104279082e+03 for the 60Hz source
% Vspp = 2*500 for the high voltage amplifier
% smt_points - number of smoothing points per period of a sinusoid
% (smaller number makes sine smoother)
% dependencies: ReadLeCroyBinaryWaveform.m
%Determining the peak to peak value of V in time t
[Vpp1, smt] = findPeakToPeak(x0, y0, smt_points);
Calibration_ratio = Vspp/(1e3.*Vpp1); %[V/mV]
clearvars -except Calibration_ratio
save ('calibration_ratio.mat', 'Calibration_ratio')
end

Find Peak to Peak Voltage Function (for calibration)
function [peak_to_peak, offset] = findPeakToPeak(x0, y0, smt_points)
%Finding peak to peak value of a signal in the file called fname
% smt_points = 20 [default value];
switch nargin
case 2
smt_points = 30;
end
%Determining the peak to peak value of y0 in time x0
%Determining frequency with FFT
L=length(y0); %Number of samples
fs=L/(max(x0)-min(x0)); %Sample rate
fn=fs/2; %Nyquist frequency
Y_f=fft(y0)/L;
frequency = (0:floor(L/2))./(L/2).*fn;
Y_fourier = 2*abs(Y_f(1:size(frequency,2)));
[pks, loc]=findpeaks(Y_fourier, 'MINPEAKDISTANCE', floor(L/10),
'SORTSTR', 'descend');
freq=frequency(loc(1)); amp1=pks(1);
disp(sprintf('Dominant frequency is %.2f Hz', freq));
% %Low-pass filtering the data
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% L=size(y0,1); fs=L/(max(x0)-min(x0));fn=fs/2;n=1;
% f1 = 0.5*freq;f2 = 1.5*freq;
% Wn = [f1/fn f2/fn]; ftype = 'bandpass';
% [z, p, k] = butter(n, Wn,ftype); [sos,g]=zp2sos(z,p,k);
Hd=dfilt.df2sos(sos,g);
% y0f = filter(Hd, y0);
%
no_periods = (x0(end)-x0(1))*freq;
smt = round(length(x0)/no_periods/smt_points);
if smt<1
smt = 1
end
y0_s = smooth(y0, smt);
%Determining peak to peak voltage by chopping up the signal in one
%period long segments and calculating Max-Min value and then averaging
%them all out
no_of_periods = (x0(end)-x0(1))*freq;
period_ind = floor(length(x0)/no_of_periods);
no_of_periods = floor(no_of_periods);
figure (); hold on;
col=lines(no_of_periods);
for n=1:(no_of_periods-1)
x0_temp = x0((1+ n*period_ind):((n+1)*period_ind));
y0_temp = y0_s((1+ n*period_ind):((n+1)*period_ind));
plot (x0_temp, y0_temp, 'color', col(n+1,:))
y0pp_temp(n+1)= max(y0_temp)-min(y0_temp);
y0_avg_temp(n+1) = mean(y0_temp);
end
xlim ([min(x0) max(x0)]); hold off;
y0pp1 = mean(y0pp_temp);
y01_avg = mean(y0_avg_temp);
clear y0_temp x0_temp y0pp_temp;
disp(sprintf('y0pp is %.3f mV, y0avg is %.3f mV', 1e3*y0pp1,
1e3*y01_avg));
peak_to_peak = y0pp1; %[V/mV]
offset = y01_avg;
end
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